AD 


Award  Number:  DAMD17-96-1-6137 


TITLE:  Tat-SF:  A  Cellular  Factor  for  Regulation  of 
Transcriptional  Elongatin  by  HIV  Tat- 


PRINCIPAL  INVESTIGATOR:  Qiang  Zhou,  Ph.D. 

Kunxin  Luo,  Ph.D. 


CONTRACTING  ORGANIZATION:  University  of  California 

Berkeley,  California  94720-5940 


REPORT  DATE:  September  2000 


TYPE  OF  REPORT:  Annual  Summary 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


20010122  101 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  074-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining 
the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for 
reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of 
Manaaement  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503 _ _ _ _ _ 

1 .  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE 

September  2000 

3.  REPORT  TYPE  AND  DATES  COVERED 

Annual  Summary  (1  Aug  96  -  31  Aug  00) 

4.  TITLE  AND  SUBTITLE 

Tat-SF:  A  Cellular  Factor  for  Regulation  of 

Transcriptional  Elongatin  by  HIV  Tat- 

5.  FUNDING  NUMBERS 

DAMD17-96-1-6137 

6.  AUTHOR(S) 

Qiang  Zhou,  Ph.D. 

Kunxin  Lou,  Ph.D. 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

University  of  California 

Berkeley,  California  94720-5940 

E-MAIL: 

qzhou@uclink4.berkeley.edu 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 

Fort  Detrick,  Maryland  21702-5012 

10.  SPONSORING  /  MONITORING 

AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

1 2a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Maximum  200  Words) 

Deregulation  of  transcriptional  elongation  can  cause  the  development  of  certain  malignancies.  HIV-1  Tat  has  been  used  as  a 
model  system  to  study  the  control  of  elongation  by  RNA  polymerase  II.  Tat-stimulation  of  HIV-1  transcription  requires  Tat- 
dependent  recruitment  of  the  human  transcription  elongation  factor  P-TEFb  to  the  HIV-1  promoter  and  the  formation  on  the  TAR 
RNA  element  a  P-TEFb :Tat:TAR  ternary  complex.  We  recently  found  that  the  P-TEFb  heterodimer  of  Cdk9/cyclin  T1  is 
intrinsically  incapable  of  forming  a  stable  complex  with  Tat  and  TAR  due  to  two  built-in  autoinhibitory  mechanisms  in  P-TEFb. 
Both  mechanisms  exert  little  effect  on  the  P-TEFb:Tat  interaction,  but  prevent  the  P-TEFb:Tat  complex  from  binding  to  TAR 
RNA.  The  first  autoinhibition  arises  from  the  unphosphorylated  state  of  Cdk9  which  establishes  a  P-TEFb  conformation 
unfavorable  for  TAR-recognition.  Autophosphorylation  of  Cdk9  overcomes  this  inhibition  by  inducing  conformational  changes  in 
P-TEFb,  thereby  exposing  a  region  in  cyclin  T1  for  possible  TAR-binding.  An  intramolecular  interaction  between  the  N-  and  C- 
terminal  regions  of  cyclin  T1  sterically  blocks  the  P-TEFb:TAR  interaction  and  constitutes  the  second  autoinhibitory  mechanism. 
This  inhibition  is  relieved  by  the  binding  of  the  C-terminal  region  of  cyclin  T1  to  the  transcription  elongation  factor  Tat-SFl  and 
perhaps  other  cellular  factors.  Upon  release  from  the  intramolecular  interaction,  the  C-terminal  region  also  interacts  with  RNA 
polymerase  II  and  is  required  for  HTV-1  transcription,  suggesting  its  role  in  bridging  the  P-TEFb:Tat:TAR  complex  and  the  basal 
elongation  apparatus.  These  data  reveal  novel  control  mechanisms  for  the  assembly  of  a  multicomponent  transcription  elongation 
complex  at  the  HIV-1  promoter. 

14.  SUBJECT  TERMS 

Breast  Cancer 

15.  NUMBER  OF  PAGES 

20 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION 
OF  REPORT  OF  THIS  PAGE 

Unclassified  Unclassified 

19.  SECURITY  CLASSIFICATION 

OF  ABSTRACT 

Unclassified 

20.  LIMITATION  OF  ABSTRACT 

Unlimited 

NSN  7540-01-280-5500  Standard  Form  298  (Rev.  2-89) 


Prescribed  by  ANSI  Std.  Z39-18 
298-102 


Table  of  Contents 


Cover . page  1 

SF  298 . page  2 

Table  of  Contents .  page  3 

Introduction . page  4 

Body . page  4 

Key  Research  Accomplishments.... . .  page  4 

Reportable  Outcomes . page  7 

Conclusions . page  7 

References . . . page  8 


Appendices . 

A  reprint  of  a  paper  published  in  Mol.  Cell.  Bio.  (20,  5897-5907)  by  Fong  and  Zhou,  2000. 


3 


Introduction 


Control  of  transcriptional  elongation  has  been  recognized  as  an  important  step  in  gene 
regulation,  but  mechanisms  regulating  the  efficiency  of  elongation  by  RNA  polymerase  II  have  not 
been  extensively  studied.  For  many  eukaryotic  genes  (e.g.  human  proto-oncogenes  c-myc  and  c- 
fos),  regulation  of  the  processiveness  of  elongation  is  a  major  control  step  in  gene  expression 
(Shilatifard,  1998;  Jones,  1997).  The  necessity  for  strict  control  of  elongation  is  further  highlighted 
by  the  finding  that  two  elongation  factors,  ELL  and  Elongin,  have  been  implicated  in  human  myeloid 
leukemia  and  an  autosomal  dominantly  inherited  cancer  syndrome  called  von  Hippel-Lindau  (VHL) 
disease,  respectively  (for  a  review,  see  Shilatifard,  1998).  For  the  human  immunodeficiency  vims 
(HIV),  regulation  of  polymerase  elongation  on  HIV  proviral  DNA  by  Tat  is  absolutely  essential  for 
viral  replication.  Because  the  proteins  that  regulate  elongation  in  many  cellular  and  viral  genes  have 
not  been  identified,  HTV-1  Tat  has  been  used  as  a  model  system  to  study  this  process. 

The  Tat  protein  encoded  by  the  HIV  genome  strongly  stimulates  the  synthesis  of  full-length 
HIV  transcripts  by  increasing  the  processivity  of  RNA  polymerase  II  (Pol  II).  Tat  recognizes  the 
trans- acting  responsive  (TAR)  RNA  stem-loop  structure  near  the  5’  end  of  the  nascent  viral 
transcript  and  functions  by  recruiting  cellular  cofactors  to  Pol  II  in  a  TAR  loop  sequence-specific 
manner  (Jones,  1997;  Price,  2000). 

Hyperphosphorylation  of  die  C-terminal  domain  (CTD)  of  the  largest  subunit  of  Pol  II  is 
required  for  processive  transcriptional  elongation  (Dahmus  1996;  Komamitsky  et  al.  2000).  Tat  has 
been  demonstrated  to  stimulate  elongation  by  recruitment  of  a  CTD  kinase  called  P-TEFb  (positive 
transcription  elongation  factor  b)  to  Pol  H  (Jones,  1997;  Price,  2000).  P-TEFb  was  originally 
identified  as  a  general  transcription  elongation  factor  in  Drosophila  and  later  in  mammalian  cells 
(Marshall  et  al.,  1996;  Marshall  and  Price,  1995;  Zhu  et  al.,  1997).  Active  P-TEFb  is  composed  of  a 
cyclin-dependent  kinase  Cdk9  and  its  partner  cyclin  T1  (Peng  et  al.,  1998;  Wei  et  al.,  1998). 
Immunodepletion  of  P-TEFb  from  HeLa  nuclear  extracts  or  inclusion  of  a  specific  kinase  inhibitor 
DRB  in  an  in  vitro  transcription  assay  eliminates  both  basal  and  Tat-activated  HIV  transcriptional 
elongation  (Mancebo  et  al.,  1997;  Zhou  et  al.,  1998;  Zhu  et  al.,  1997).  Supplementing  the  depleted 
extract  with  purified  wild  type  but  not  a  kinase-defective  mutant  P-TEFb  restores  both  activities 
(Zhou  et  al.,  1998).  By  using  kinase  inhibitors  or  introduction  of  dominant  negative  Cdk9  mutants 
into  cells,  the  functional  significance  of  P-TEFb  and  its  kinase  activity  in  Tat  activation  has  also  been 
demonstrated  in  vivo  (Flores  et  al.,  1999;  Gold  et  al.,  1998;  Mancebo  et  al.,  1997). 

In  addition  to  Cdk9,  the  cyclin  T1  (CycTl)  subunit  of  P-TEFb  also  plays  a  critical  role  in  Tat- 
activation.  First,  CycTl  mediates  the  interaction  of  P-TEFb  with  Tat  and  the  binding  of  recombinant 
CycTl  to  Tat  enhances  the  affinity  and  specificity  of  the  CycTl:Tat:TAR  interaction  and  confers 
dependence  on  TAR  loop  sequences  (Garber  et  al.,  1998;  Wei  et  al.,  1998).  Second,  the  Tat:CycTl 
interaction  modifies  the  activity  of  Cdk9  to  phosphorylate  serine  5  of  Pol  II  CTD,  an  event  important 
for  HTV  transcriptional  elongation  (Zhou  et  al.,  2000).  Third,  the  interaction  of  human  but  not  rodent 
P-TEFb  with  Tat  through  the  cyclin-box  region  in  human  CycTl  mediates  a  Tat-specific  and 
species-restricted  activation  of  HIV  elongation  (Bieniasz  et  al.,  1998;  Chen  et  al.,  1999;  Fujinaga  et 
al.,  1999;  Garber  et  al.,  1998).  Finally,  overexpression  of  human  CycTl  in  non-permissive  rodent 
cells  rescues  Tat  activation  of  HIV  transcription  (Wei  et  al.,  1998).  This  activity  is  attributed  to  a 
critical  cysteine  residue  at  position  261  that  is  present  in  human  CycTl  but  absent  in  the  rodent 
homologues  (Bieniasz  et  al.,  1998;  Fujinaga  et  al.,  1999;  Garber  et  al.,  1998) 


Body  of  Report 

Key  Research  Accomplishments 

The  formation  of  a  TAR  loop-dependent  P-TEFb:Tat:TAR  ribonucleoprotein  complex  is 
recognized  as  an  essential  step  towards  the  assembly  of  a  productive  Pol  II  elongation  machinery  at 
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the  HIV  promoter.  Previous  analyses  of  the  complex  formation  used  free,  recombinant  CycTl 
protein  (Garber  et  al.,  1998;  Wei  et  al.,  1998).  Since  the  active  form  of  P-TEFb  for  Tat- 
transactivation  consists  of  a  heterodimer  of  Cdk9/CycTl,  we  recently  investigated  how  P-TEFb 
forms  a  stable  complex  with  Tat  and  TAR.  Our  analysis  revealed  novel  control  mechanisms  for  the 
assembly  of  a  multicomponent  transcription  elongation  complex  at  the  HTV  promoter.  These  results 
have  recently  been  published  in  a  MCB  paper  (Fong  and  Zhou,  2000),  which  is  now  included  in  the 
Appendix.  Summarized  below  are  the  major  conclusions  from  this  paper. 

(i)  Requirement  of  ATP  for  formation  of  a  stable  TAR  loop-dependent  P-TEFb:Tat:TAR 
complex 

Previously,  we  noticed  that  on  a  per  CycTl  molecule  basis,  the  stability  of  a  CycTl:Tat:TAR 
complex  as  determined  by  gel  mobility  shift  assay  was  significantly  higher  than  that  of  the  P- 
TEFb:Tat:TAR  complex  (Chen  et  al.,  1999;  Zhou  et  al.,  1998),  implicating  a  negative  effect  of  Cdk9 
on  formation  of  such  a  complex.  To  investigate  the  role  of  Cdk9  in  this  process,  we  affinity-purified 
the  Cdk9/CycTl  heterodimer  from  293T  cells  transiently  expressing  the  HA-tagged  CycTl  by  anti- 
HA  immunoprecipitation  followed  by  HA  peptide  elution  (Zhou  et  al.,  1998).  The  purified  P-TEFb 
heterodimer  was  then  tested  for  its  ability  to  bind  to  Tat  and  TAR  in  a  gel  mobility  shift  assay.  Our 
data  revealed  a  major  difference  between  free  CycTl  and  the  Cdk9/CycTl  heterodimer  in  that  the 
latter  requires  ATP  to  form  a  high  affinity  P-TEFb:Tat:TAR  ternary  complex. 

(ii)  Most  of  cellular  P-TEFb  requires  ATP  hydrolysis  for  stable  P-TEFb:Tat:TAR  formation 

The  stable  ternary  complex  formation  requires  ATP  hydrolysis,  because  substitution  of  ATP  in 
the  binding  reaction  with  a  non-hydrolyzable  form  of  ATP,  ATP-y-S,  inhibited  complex  formation. 
Because  P-TEFb  is  a  Cdk/cyclin  kinase  complex,  it  is  most  likely  a  protein  phosphorylation  event 
that  results  in  the  stabilization  of  P-TEFb:Tat:TAR.  To  rule  out  the  possibility  that  the  requirement 
of  ATP  was  due  to  the  loss  of  phosphates  on  P-TEFb  during  cell  lysis  and  the  subsequent 
purification  procedures,  multiple  phosphatase  inhibitors  were  used  in  the  experiment.  P-TEFb  thus 
purified  still  required  ATP  for  high  affinity  binding  to  TafcTAR,  suggesting  that  most  of  the  cellular 
P-TEFb  may  lack  the  key  phosphorylation  that  is  important  for  the  complex  formation. 

(iii)  Autophosphorylation  ofCdk9  is  required  for  P-TEFb  :Tat:TAR  complex  formation 

We  also  confirmed  that  it  is  the  Cdk9  kinase  of  P-TEFb  and  not  some  other  contaminating 
kinases  or  ATPases  in  the  affinity-purified  fraction,  which  hydrolyzes  ATP  and  stimulates  P- 
TEFb:TatTAR  assembly.  We  prepared  P-TEFb  heterodimers  that  contained  either  wild  type  or  a 
kinase-defective  Cdk9  with  a  point  mutation  in  the  ATP-binding  pocket.  Compared  to  wild-type  P- 
TEFb,  the  kinase-defective  heterodimer  failed  to  form  a  stable  complex  with  Tat  and  TAR  both  in  the 
presence  and  absence  of  ATP. 

Our  data  also  revealed  that  autophosphorylation  of  P-TEFb,  but  not  its  phosphorylation  of  Tat 
or  TAR,  is  crucial  for  the  ternary  complex  formation.  Instead  of  adding  ATP  directly  to  the 
incubation  of  P-TEFb  with  Tat  and  TAR,  Cdk9-HA/CycTl  immobilized  on  anti-HA  beads  was 
subjected  first  to  a  kinase  reaction.  After  extensive  washes  to  remove  ATP,  phosphorylated  Cdk9- 
HA/CycTl  was  eluted  from  the  beads  and  incubated  with  Tat  and  TAR  in  a  reaction  without  ATP. 
Our  gel  shift  experiment  indicated  that  the  ATP-pretreated  P-TEFb  associated  with  Tat:TAR,  while 
the  unphosphorylated  P-TEFb  did  not.  Thus,  autophosphorylation  of  P-TEFb  is  critical  for  P- 
TEFb:Tat:TAR  assembly. 

When  the  P-TEFb  heterodimer  undergoes  autophosphorylation  in  vitro,  Cdk9  phosphorylates 
itself  as  well  as  the  associated  CycTl  molecule  (Zhou  et  al.,  1998).  A  CycTl  C-terminal  deletion 
mutant  Al  (AA  1-333),  which  contains  only  the  N-terminal  cyclin-box  (AA  1-272)  and  its  immediate 
flanking  region,  interacted  with  Cdk9  but  was  not  phosphorylated  by  Cdk9,  probably  because  of  a 
lack  of  phosphorylation  sites.  Yet  the  complex  containing  this  mutant  (Cdk9/CycTlAl)  can  still  be 
induced  by  phosphorylation  to  form  a  stable  P-TEFb:Tat:TAR  complex,  indicating  that  the 
autophosphorylation  of  Cdk9  but  not  CycTl  is  crucial  for  the  complex  formation. 

(iv)  Autophosphorylation  of  Cdk9  does  not  affect  P-TEFb:Tat  binding  but  induces 
conformational  changes  in  CycTl  for  better  TAR  recognition 
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Autophosphorylation  of  Cdk9  may  facilitate  the  P-TEFb:Tat:TAR  formation  by  increasing  the 
binding  of  P-TEFb  to  either  Tat  protein  or  TAR  RNA.  To  distinguish  between  these  two 
possibilities,  we  compared  unphosphoiylated,  in  vitro  autophosphorylated,  and  alkaline  phosphatase- 
treated  Cdk9/CycTl  heterodimers  for  their  abilities  to  interact  with  wild-type  GST-Tat  protein.  Our 
results  indicated  that  neither  autophosphorylation  of  Cdk9  or  phosphatase  treatment  significantly 
affected  the  binding  of  Cdk9/CycTl  to  Tat.  In  contrast,  adding  the  same  amount  of  phosphatase  in  a 
binding  reaction  prior  to  the  gel  shift  electrophoresis  inhibited  the  formation  of  the 
Cdk9/CycTl:Tat:TAR  complex  but  not  the  complex  containing  free  CycTl.  These  results  indicated 
that  autophosphorylation  of  Cdk9  did  not  significantly  affect  the  P-TEFb:Tat  interaction.  Rather,  it 
probably  enhanced  the  binding  of  the  P-TEFb:Tat  complex  to  TAR  RNA. 

To  explain  the  positive  effect  of  Cdk9  autophosphorylation  on  P-TEFb:Tat:TAR  assembly,  we 
asked  whether  the  phosphorylation  induces  a  conformational  change  in  P-TEFb  that  may  be 
favorable  for  TAR  recognition.  Partial  proteolysis  was  carried  out  on  phosphorylated  and 
unphosphoiylated  P-TEFb  to  look  for  phosphorylation-induced  changes  in  trypsin-sensitive  sites. 
We  observed  an  alteration  of  trypsin-sensitivity  in  the  C-terminal  region  of  CycTl,  suggesting  a 
phosphorylation-induced  conformational  change  in  CycTl  and/or  Cdk9,  which  probably  exposes 
the  TAR-binding  surface  in  CycTl  for  possible  P-TEFb:TAR  interaction. 

(v)  The  N-  and  C-terminal  regions  of  Cyclin  T1  interact  in  an  intramolecular  manner  to  inhibit 
P-TEFb  :Tat:TAR  complex  formation 

We  also  discovered  that  P-TEFb  needs  to  overcome  two  separate  barriers  in  order  to  bind  TAR 
RNA  in  conjunction  with  Tat.  The  unphosphoiylated  state  of  Cdk9  constitutes  the  first  barrier, 
which  can  be  overcome  through  Cdk9  autophosphorylation.  The  induced  conformational  change  in 
P-TEFb  probably  facilitates  the  P-TEFb-TAR  binding.  The  second  barrier  resides  in  the  C-terminal 
region  of  CycTl,  which  interfered  with  the  binding  of  the  P-TEFb:Tat  complex  to  TAR  RNA.  A 
possible  explanation  for  this  second  inhibition  was  suggested  by  the  observation  of  an  interaction 
between  the  N-  and  C-terminal  regions  of  CycTl. 

Our  data  indicate  that  the  intramolecular  interaction  produces  a  steric  hindrance  that  causes  the 
autoinhibition  of  the  CycTl :TAR  binding.  This  autoinhibition  of  TAR-binding  can  be  relieved  by 
the  disruption  of  the  intramolecular  interaction  in  CycTl  with  recombinant  CycTl -C  that  contains 
the  C-terminal  domain  of  CycTl  and  interacts  with  the  CycTl  N-terminus 

(vi)  The  C-terminal  region  of  CycTl  interacts  with  Tat-SFl  and  Pol  II  in  HeLa  nuclear  extracts 
and  binding  of  Tat-SFl  to  CycTl  C-terminal  region  stabilizes  the  P-TEFb :Tat:TAR  complex 

The  above  results  indicated  that  the  key  to  relieve  the  second  autoinhibition  of  the  P- 
TEFb:Tat:TAR  complex  formation  is  to  disrupt  the  intramolecular  interaction  in  CycTl.  Other  than 
artificially  disrupting  this  interaction  by  competing  with  recombinant  CycTl -C  or  removing  the  C- 
terminal  region,  we  investigated  the  possibility  that  the  CycTl -associated  proteins  may  relieve  the 
autoinhibition  by  interacting  with  and  stabilizing  the  C-terminal  inhibitory  region  of  CycTl.  A  small 
fraction  of  RNA  polymerase  Ha  and  Tat-SFl  in  the  nuclear  extract  was  found  to  interact  with  the 
full-length  CycTl  and  its  C-terminal  region,  but  not  with  the  N-terminal  region  or  GST  alone. 

When  tested  in  a  gel  mobility  shift  assay,  affinity-purified  Tat-SFl  did  not  recognize  TAR 
RNA  by  itself  or  in  the  presence  of  Tat  in  spite  of  having  two  putative  RNA  recognition  motifs. 
Importantly,  preincubation  of  Tat-SFl  with  P-TEFb  super-shifted  the  P-TEFb:Tat:TAR  complex 
and  significantly  enhanced  the  assembly  of  a  multiprotein  complex  that  most  likely  contained  Tat- 
SFl,  Cdk9/T1FL,  Tat  and  TAR.  As  predicted,  the  cooperative  TAR-binding  promoted  by  Tat-SFl 
requires  the  C-terminal  region  of  CycTl,  as  Cdk9/CycTlAl  interacted  strongly  with  Tat  and  TAR 
independent  of  Tat-SFl.  These  results  demonstrated  an  important  role  of  Tat-SFl  in  overcoming  the 
intramolecular  inhibition  in  CycTl  by  binding  to  the  CycTl  C-terminal  region.  In  contrast  to  Tat- 
SFl,  inclusion  of  purified  calf  thymus  RNA  Pol  II  in  a  binding  reaction  did  not  lead  to  an  enhanced 
binding  of  P-TEFb  to  Tat:TAR. 

(vii)  The  C-terminal  region  of  CycTl  is  required  for  efficient  HIV-1  transcriptional  elongation 


6 


The  binding  of  the  CycTl  C-terminal  region  to  Pol  II  and  Tat-SFl  and  the  requirement  of  this 
region  for  the  assembly  of  a  multiprotein  complex  at  TAR  RNA  suggested  that  this  region  may  be 
important  for  basal  and  Tat-activated  HIV-1  transcription.  We  analyzed  the  abilities  of 
Cdk9/CycTlFL  and  Cdk9/CycTlAl  to  mediate  Tat  activation  in  HeLa  nuclear  extracts 
immunodepleted  of  the  endogenous  P-TEFb.  Our  results  indicated  that  the  C-terminal  region  of 
CycTl  is  crucial  for  basal  HTV-1  transcription,  as  this  domain  may  mediate  the  interaction  of  P- 
TEFb  with  Tat-SFl,  Pol  II  and  perhaps  other  components  of  the  elongation  apparatus.  The  lack  of 
stable  interaction  between  Cdk9/CycTlAl  and  the  elongation  apparatus  may  result  in  inefficient 
phosphorylation  of  Pol  II  CTD  and  hence  a  marked  reduction  in  basal  elongation.  Our  data  also 
indicated  that  the  CycTl  C-terminal  region  is  important  for  the  Tat-specific  and  TAR-dependent 
HTV-1  transcription,  although  with  a  less  pronounced  effect  than  in  basal  elongation. 

Reportable  Outcomes 

Our  work  indicates  that  relief  of  two  built-in  autoinhibitory  mechanisms  in  P-TEFb  is  required 
for  the  assembly  of  a  multicomponent  transcription  elongation  complex  at  the  HTV-1  promoter. 
These  results  have  recently  been  published  in  a  MCB  paper  (Fong  and  Zhou,  MCB,  vol.  20,  page 
5897, 2000),  which  is  now  included  in  the  Appendix. 

Conclusions 

Key  research  accomplishments  emanating  from  the  above-described  research  include: 

•  We  showed  that  the  P-TEFb  heterodimer  of  Cdk9/cyclin  T1  is  intrinsically  incapable  of  forming 
a  stable  complex  with  Tat  and  TAR  due  to  two  built-in  autoinhibitory  mechanisms  in  P-TEFb.  Both 
mechanisms  exert  little  effect  on  the  P-TEFb:Tat  interaction,  but  prevent  the  P-TEFb:Tat  complex 
from  binding  to  TAR  RNA. 

•  We  discovered  that  the  first  autoinhibition  arises  from  the  unphosphorylated  state  of  Cdk9 
which  establishes  a  P-TEFb  conformation  unfavorable  for  TAR-recognition.  Autophosphorylation 
of  Cdk9  overcomes  this  inhibition  by  inducing  conformational  changes  in  P-TEFb,  thereby 
exposing  a  region  in  cyclin  T1  for  possible  TAR-binding. 

•  We  discovered  that  an  intramolecular  interaction  between  the  N-  and  C-terminal  regions  of 
cyclin  T1  sterically  blocks  the  P-TEFb:TAR  interaction  and  constitutes  the  second  autoinhibitory 
mechanism. 

•  We  discovered  that  the  second  inhibition  is  relieved  by  the  binding  of  the  C-terminal  region  of 
cyclin  T1  to  the  transcription  elongation  factor  Tat-SFl  and  perhaps  other  cellular  factors. 

•  We  found  that  upon  release  from  the  intramolecular  interaction,  the  C-terminal  region  also 
interacts  with  RNA  polymerase  II  and  is  required  for  HIV-1  transcription,  suggesting  its  role  in 
bridging  the  P-TEFb:Tat:TAR  complex  and  the  basal  elongation  apparatus. 
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Tat  stimulation  of  human  immunodeficiency  virus  type  1  (HIV-1)  transcription  requires  Tat-dependent 
recruitment  of  human  positive  transcription  elongation  factor  b  (P-TEFb)  to  the  HIV-1  promoter  and  the 
formation  on  the  trans- acting  response  element  (TAR)  RNA  of  a  P-TEFb-Tat-TAR  ternary  complex.  We  show 
here  that  the  P-TEFb  heterodimer  of  Cdk9-cyclin  T1  is  intrinsically  incapable  of  forming  a  stable  complex  with 
Tat  and  TAR  due  to  two  built-in  autoinhibitory  mechanisms  in  P-TEFb.  Both  mechanisms  exert  little  effect  on 
the  P-TEFb-Tat  interaction  but  prevent  the  P-TEFb-Tat  complex  from  binding  to  TAR  RNA.  The  first 
autoinhibition  arises  from  the  unphosphorylated  state  of  Cdk9,  which  establishes  a  P-TEFb  conformation 
unfavorable  for  TAR  recognition.  Autophosphorylation  of  Cdk9  overcomes  this  inhibition  by  inducing  confor¬ 
mational  changes  in  P-TEFb,  thereby  exposing  a  region  in  cyclin  T1  for  possible  TAR  binding.  An  intramo¬ 
lecular  interaction  between  the  N-  and  C-terminal  regions  of  cyclin  T1  sterically  blocks  the  P-TEFb-TAR 
interaction  and  constitutes  the  second  autoinhibitory  mechanism.  This  inhibition  is  relieved  by  the  binding  of 
the  C-terminal  region  of  cyclin  T1  to  the  transcription  elongation  factor  Tat-SFl  and  perhaps  other  cellular 
factors.  Upon  release  from  the  intramolecular  interaction,  the  C-terminal  region  also  interacts  with  RNA 
polymerase  II  and  is  required  for  HIV-1  transcription,  suggesting  its  role  in  bridging  the  P-TEFb-Tat-TAR 
complex  and  the  basal  elongation  apparatus.  These  data  reveal  novel  control  mechanisms  for  the  assembly  of 
a  multicomponent  transcription  elongation  complex  at  the  HIV-1  promoter. 


The  Tat  protein  encoded  by  the  human  immunodeficiency 
virus  type  1  (HIV-1)  genome  strongly  stimulates  the  synthesis 
of  full-length  HIV-1  transcripts  by  increasing  the  processivity 
of  RNA  polymerase  II  (Pol  II).  Tat  recognizes  the  trans- acting 
response  element  (TAR)  RNA  stem-loop  structure  near  the  5' 
end  of  the  nascent  viral  transcript  and  is  proposed  to  function 
by  recruiting  a  cellular  cofactor(s)  to  Pol  II  in  a  TAR  loop 
sequence-specific  manner  (for  reviews,  see  references  8,  17, 
and  18). 

Tat  transactivation  requires  the  C-terminal  domain  (CTD) 
of  the  largest  subunit  of  Pol  II  (3,  29,  32,  41).  Since  hyperphos¬ 
phorylation  of  the  CTD  correlates  with  processive  transcrip¬ 
tional  elongation  (6)  and  Tat  activity  is  sensitive  to  kinase 
inhibitors  (e.g.,  DRB)  that  inhibit  CTD  phosphorylation  (24, 
25),  it  was  proposed  that  Tat  stimulates  elongation  by  recruit¬ 
ment  of  a  CTD  kinase(s)  to  Pol  II  (reference  18  and  references 
therein).  One  of  the  CTD  kinases  implicated  in  Tat  transacti¬ 
vation  is  P-TEFb  (positive  transcription  elongation  factor  b).  It 
was  originally  identified  as  a  general  elongation  factor  in  Dro¬ 
sophila  melanogaster  and  later  in  mammalian  cells  (26,  27,  45). 
Active  P-TEFb  is  composed  of  a  cyclin-dependent  kinase, 
Cdk9,  and  its  partner  cyclin  T  (cyclin  T1  [CycTl]  or  the  minor 
forms  T2a  and  T2b  [34,  37]).  The  in  vivo  assembly  of  the 
Cdk9-CycTl  heterodimer  of  P-TEFb  requires  a  chaperone- 
dependent  folding  pathway  involving  the  sequential  actions  of 
Hsp70  and  a  kinase-specific  chaperone  complex,  Hsp90-Cdc37 
(30).  Immunodepletion  of  P-TEFb  from  HeLa  nuclear  extracts 
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or  inclusion  of  DRB  in  an  in  vitro  transcription  assay  elimi¬ 
nates  both  basal  and  Tat-activated  HIV-1  transcription  (24, 42, 
45).  Supplementing  the  depleted  extract  with  purified  wild- 
type  P-TEFb  but  not  a  kinase-defective  mutant  P-TEFb  re¬ 
stores  both  activities  (42).  By  using  kinase  inhibitors  or  intro¬ 
duction  of  dominant  negative  Cdk9  mutants  into  cells,  the 
functional  significance  of  P-TEFb  and  its  kinase  activity  in  Tat 
activation  has  also  been  demonstrated  in  vivo  (13,  24). 

In  addition  to  Cdk9,  the  CycTl  subunit  of  P-TEFb  also  plays 
a  critical  role  in  Tat  activation.  First,  CycTl  mediates  the 
interaction  of  P-TEFb  with  Tat  and  the  binding  of  recombi¬ 
nant  CycTl  to  Tat  enhances  the  affinity  and  specificity  of  the 
CycTl -Tat-TAR  interaction  and  confers  dependence  on  TAR 
loop  sequences  (10,  37).  Second,  the  interaction  of  human  but 
not  rodent  P-TEFb  with  Tat  through  the  cyclin  box  region  in 
human  CycTl  mediates  a  Tat-specific  and  species-restricted 
activation  of  HIV-1  transcription  (1,  2,  9,  10).  Third,  overex¬ 
pression  of  human  CycTl  in  nonpermissive  rodent  cells  res¬ 
cues  Tat  activation  of  HIV-1  transcription  (37).  This  activity  is 
attributed  to  a  critical  cysteine  residue  at  position  261  that  is 
present  in  human  CycTl  but  absent  in  the  rodent  homologue 
(1,  9,  10).  This  cysteine  residue  is  located  in  a  region  termed 
TRM  (Tat-TAR  recognition  motif),  which  is  important  for  the 
interaction  of  human  CycTl  with  Tat  and  TAR  (10).  While  the 
exact  N-terminal  boundary  of  TRM  has  not  been  determined, 
the  C-terminal  boundary  of  TRM  is  located  between  amino 
acids  250  and  262  at  the  C-terminal  edge  of  the  cyclin  box 
(amino  acids  1  to  272). 

In  addition  to  P-TEFb,  several  other  cellular  proteins  im¬ 
portant  for  Tat  transactivation  have  also  been  characterized. 
Among  these  are  Tat-SFl  (20,  44),  the  human  homologue  of 
the  Saccharomyces  cerevisiae  transcription  factor  SPT5  (38), 
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TFIIH  (5,  11,  32),  TFIIF  (19),  and  a  Tat-associated  histone 
acetyltransferase  (reference  17  and  references  therein).  Tat- 
SF1  was  biochemically  identified  as  a  Tat  cofactor,  and  it 
stimulates  Tat  activation  both  in  vivo  and  in  vitro  (20,  44).  It 
was  also  found  to  have  a  general  elongation  activity  under 
certain  conditions  (23,  31).  Tat-SFl  interacts  with  Tat  (44)  and 
P-TEFb  (42)  and  was  recently  found  to  interact  with  human 
SPT5,  Pol  II,  and  the  RAP30  subunit  of  TFIIF  as  well  (20). 
The  human  SPT4  and  SPT5  proteins  form  a  complex  called 
DSIF  (DRB-sensitivity-inducing  factor  [35]).  It  arrests  the 
elongation  of  Pol  II  at  sites  proximal  to  the  promoter  with  the 
help  of  the  negative  elongation  factor  NELF  (39).  It  has  been 
shown  that  P-TEFb  positively  regulates  Pol  II  elongation  by,  at 
least  in  part,  suppressing  the  activity  of  DSIF  in  a  phosphory¬ 
lation  step  that  is  DRB  sensitive  (36).  While  that  study  iden¬ 
tified  DSIF  as  a  negative  factor,  other  experiments  have  also 
revealed  a  positive  role  of  DSIF  in  Tat-activated  HIV-1  tran¬ 
scription  (20,  38).  Recently,  Parada  and  Roeder  (31)  reported 
the  identification  of  a  novel  RNA  Pol  II-containing  complex 
that  supports  Tat-activated  HIV-1  transcription.  Interestingly, 
this  complex  contains  several  previously  identified  elongation 
factors,  P-TEFb,  Tat-SFl,  and  DSIF,  in  addition  to  Pol  II  and 
other  unidentified  polypeptides.  Exactly  how  these  elongation 
factors  and  Pol  II  cooperate  to  stimulate  HIV-1  transcription  is 
still  unclear.  Nevertheless,  an  emerging  picture  of  the  involve¬ 
ment  of  multiple  factors  for  the  control  of  elongation  is  evi¬ 
dent,  as  recent  studies  indicated  that  these  factors  may  exist  in 
the  same  complex  and  function  in  combination  or  in  a  sequen¬ 
tial  manner  to  promote  Tat  stimulation  of  Pol  II  processivity. 

The  formation  of  a  TAR  loop-dependent  P-TEFb-Tat- 
TAR  ribonucleoprotein  complex  is  recognized  as  an  essential 
step  towards  the  assembly  of  productive  Pol  II  elongation 
machineiy  at  the  HIV-1  promoter.  Previous  analyses  of  the 
TAR  loop-dependent  complex  used  free,  recombinant  CycTl 
(10,  37).  Since  the  active  form  of  P-TEFb  for  Tat  transactiva¬ 
tion  consists  of  a  heterodimer  of  Cdk9-CycTl,  we  wanted  to 
understand  how  P-TEFb  forms  a  stable  complex  with  Tat  and 
TAR.  In  this  report,  we  showed  that  formation  of  the  P-TEFb- 
Tat-TAR  ternary  complex  requires  the  deactivation  of  two 
autoinhibitory  mechanisms  in  P-TEFb.  Autophosphorylation 
of  Cdk9  overcomes  the  first  autoinhibition  by  creating  a  favor¬ 
able  P-TEFb  conformation  and  exposing  the  TRM  region  in 
CycTl  for  efficient  interaction  with  TAR  RNA.  The  second 
autoinhibition  is  caused  by  the  intramolecular  interaction  be¬ 
tween  the  N-  and  C-terminal  regions  of  CycTl,  which  blocks 
the  access  of  TAR  RNA  to  CycTl  TRM.  Relief  of  this  auto¬ 
inhibition  is  provided  by  the  interaction  of  the  CycTl  C-ter¬ 
minal  region  with  Tat-SFl.  Upon  release  from  the  intramolec¬ 
ular  interaction,  the  C-terminal  region  also  interacts  with  Pol 
II  and  is  required  for  efficient  HIV-1  transcriptional  elonga¬ 
tion,  suggesting  that  it  may  link  the  basal  transcription  elon¬ 
gation  apparatus  to  the  P-TEFb-Tat-TAR  ternary  complex. 
These  results  reveal  novel  control  steps  for  the  assembly  at  the 
HIV-1  promoter  of  a  multicomponent  elongation  complex  for 
Tat  transactivation. 

MATERIALS  AND  METHODS 

DNA  constructs  and  antibodies.  Different  hemagglutinin  (HA)-tagged  CycTl 
cDNA  fragments  were  generated  by  PCR  and  subcloned  into  the  BamHl  and 
EcoRI  sites  of  the  pcDNA3  expression  vector  (Invitrogen).  Glutathione  5-trans¬ 
ferase  (GST)-CycTlAl-HA  was  generated  by  subcloning  the  fragment  contain¬ 
ing  a  C- terminally  truncated  CycTl  (with  only  amino  acids  1  to  333)  (CycTl  Al) 
into  the  BamHl  and  EcoRI  sites  of  the  pGEX-4T-l-HA  expression  vector,  which 
contains  the  HA  epitope  cloned  into  the  Sail  and  Notl  sites  of  pGEX-4T-l 
(Amersham  Pharmacia).  GST-CycTl-C  was  generated  by  subcloning  the  CycTl 
cDNA  fragment  encoding  a  portion  of  the  CycTl  C-terminal  region  (amino  acids 
402  to  701)  into  the  BamHl  and  EcoRI  sites  of  the  pGEX-2T  expression  vector. 


C-terminally  Flag-tagged  Tat-SFl  cDNA  was  cloned  into  the  EcoRl  site  of  the 
pSV7d  expression  vector  (Sigma).  Anti-Cdk9  and  anti-Pol  Ila  antibodies  were 
purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  Calif.),  and  polyclonal 
anti-CycTl  antibodies  were  generated  in  rabbits  against  the  GST-CycTl-C  fusion 
protein. 

Expression  and  purification  of  P-TEFb  complexes  and  Tat-SFl.  For  P-TEFb- 
containing  CycTl  deletion  mutants,  plasmids  bearing  the  gene  expressing  HA- 
tagged,  C-terminally  truncated  CycTl  were  transiently  transfected  into  293T 
cells.  P-TEFb  complexes  were  affinity  purified  from  the  cell  lysates  48  h  later  as 
described  previously  (42).  Cdk9-Flag-HA-CycTl  complexes  were  generated  by 
coexpression  of  HA-CycTl  and  Cdk9-Flag  in  293T  cells  followed  by  two  sequen¬ 
tial  affinity  purification  steps  (with  anti-HA  and  anti-Flag  antibodies)  and  pep¬ 
tide  elution.  A  mutant  P-TEFb  with  a  kinase-defective  Cdk9-HA  subunit  was 
generated  and  purified  as  described  previously  (42). 

For  making  autophosphorylated  P-TEFb  complexes  for  gel  shift  and  Tat- 
binding  experiments,  Cdk9-HA-CycTl  was  first  affinity  purified  from  cell  lysates 
with  anti-HA  antibody  (12CA5)  protein  A-Sepharose  beads.  After  extensive 
washes,  the  beads  were  equilibrated  with  kinase  buffer  (20  mM  Tris-HCl  [pH 
7.4],  100  mM  NaCl,  10  mM  MgCI2,  1  mM  dithiothreitol  [DTT])  and  the  kinase 
reaction  was  initiated  by  the  addition  of  ATP  (0.1  mM)  as  described  previously 
(42).  After  the  reaction,  ATP  was  removed  by  extensive  washes  and  the  phos- 
phorylated  P-TEFb  was  eluted  from  the  beads  with  HA  peptide.  P-TEFb  com¬ 
plexes  treated  with  alkaline  phosphatase  were  prepared  essentially  as  described 
above,  except  that  after  the  kinase  reaction,  10  U  of  calf  intestine  alkaline 
phosphatase  was  incubated  with  the  affinity  beads  for  5  min  at  30°C  before  the 
complexes  were  subjected  to  peptide  elution. 

Flag-tagged  Tat-SFl  was  transiently  expressed  in  293T  cells  and  affinity  puri¬ 
fied  using  anti-Flag  antibody  beads  (Sigma)  followed  by  Flag  peptide  elution  as 
described  for  the  purification  of  P-TEFb. 

Tat-binding  assay.  Binding  of  P-TEFb  complexes  to  immobilized  GST-Tat(l- 
48)  or  activation  domain  mutant  GST-Tat(l-48,  C22G)  was  performed  as  de¬ 
scribed  previously  (2). 

TAR  RNA  EMSA  32P-labeIed  TAR  RNA  was  synthesized  by  T7  RNA  poly¬ 
merase  from  the  Hin dill-digested  DNA  templates  pT7TAR  (wild  type)  and 
pT7TAR(+31/+34)  as  described  previously  (42).  Electrophoretic  mobility  shift 
assays  (EMSA)  were  carried  out  essentially  as  described  previously  (10),  and 
when  noted  in  the  figures,  100  (xM  ATP  or  [y-S]ATP  was  also  included  in  the 
incubation  mixture  prior  to  electrophoresis.  To  study  the  effect  of  Tat-SFl  on 
P-TEFb-Tat-TAR  complex  formation,  approximately  50  ng  of  affinity-purified, 
Flag-tagged  Tat-SFl  was  preincubated  with  P-TEFb  (containing  ~30  ng  of 
Cdk9)  for  10  min  before  being  added  to  the  gel  shift  reaction  mixture. 

Partial  protease  digestion  of  P-TEFb.  Purified  P-TEFb  complexes  were  first 
incubated  with  ATP  in  the  kinase  buffer  under  the  same  conditions  described  for 
the  EMSA  reaction.  Trypsin  diluted  in  D0 1  M  Ka  buffer  (20  mM  HEPES-KOH 
[pH  7.9],  10%  glycerol,  100  mM  KC1, 0.2  mM  EDTA,  0.05%  NP-40, 1  mM  DTT) 
was  then  added  to  the  reaction  mixture  at  a  final  concentration  of  7  ng/ml,  and 
the  incubation  continued  for  another  two  minutes  at  30°C.  HA-tagged  CycTl 
fragments  were  visualized  by  Western  blotting  with  antibodies  specific  for  HA. 

Transcription  assay.  Immunodepletion  of  P-TEFb  from  HeLa  nuclear  ex¬ 
tracts  was  carried  out  with  immobilized  anti-Cdk9  and  anti-CycTl  antibodies  as 
described  previously  (42),  In  vitro  transcription  reactions  with  mixtures  contain¬ 
ing  HeLa  nuclear  extract  depleted  of  P-TEFb,  affinity  purified  P-TEFb  com¬ 
plexes,  HIV-1  promoter  templates,  and  Tat  were  carried  out  exactly  as  described 
previously  (42). 

Detecting  CycTl-associated  proteins  in  HeLa  nuclear  extract.  Approximately 
0.15  mg  of  HeLa  nuclear  extracts  was  dialyzed  against  D01M  KC1  buffer  and  then 
incubated  with  0.5  pg  of  GST  or  the  various  GST-CycTl  fusion  proteins  immo¬ 
bilized  on  glutathione-Sepharose  beads  for  3  h  at  4°C.  After  extensive  washes 
with  D0  2m  kc)  buffer  and  then  GE  buffer  (120  mM  NaCl,  100  mM  Tris-HCI  [pH 
8.0],  10%  glycerol,  0.2  mM  EDTA,  0.1%  NP-40,  2  mM  DTT),  the  bound  mate¬ 
rials  were  eluted  with  15  mM  glutathione.  Eluted  materials  were  analyzed  by 
sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  and 
Western  blotting  using  antibodies  specific  for  Tat-SFl,  Pol  Ila,  SPT5,  and 
RAP30. 


RESULTS 

Requirement  of  ATP  for  formation  of  a  stable  TAR  loop- 
dependent  P-TEFb-Tat-TAR  complex.  Previously,  we  noticed 
that  on  a  per  CycTl  molecule  basis,  the  stability  of  a  CycTl- 
Tat-TAR  complex  as  determined  by  EMSA  was  significantly 
higher  than  that  of  the  P-TEFb-Tat-TAR  complex  (2,  42), 
implicating  a  negative  effect  of  Cdk9  on  formation  of  such  a 
complex.  To  investigate  the  role  of  Cdk9  in  this  process,  we 
affinity  purified  the  Cdk9-HA-CycTlAl  heterodimer  from 
293T  cells  transiently  expressing  the  HA-tagged  CycTlAl  pro¬ 
tein  by  anti-HA  antibody  immunoprecipitation  (a-HA  IP)  fol¬ 
lowed  by  HA  peptide  elution  (2,  42).  The  purified  protein 
fraction  was  then  tested  for  its  ability  to  bind  to  Tat  and  TAR 
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FIG.  1.  Requirement  of  ATP  hydrolysis  for  formation  of  a  stable  P-TEFb-Tat-TAR  ribonucleoprotein  complex.  (A)  The  Cdk9-HA-CycTlAl  heterodimer  was 
affinity  purified  from  293T  cells  transiently  transfected  with  an  HA-tagged  CycTlAl  cDNA  by  a-HA  IP  followed  by  HA  peptide  elution.  The  purified  fraction  containing 
the  heterodimer  and  free  HA-CycTlAl  was  incubated  with  32P-labeled  wild-type  TAR  RNA  (lanes  labeled  w)  or  the  loop  mutant  TAR+31/+34  (lanes  labeled  m)  in 
the  absence  (— )  or  presence  (+)  of  Tat  and/or  ATP  as  indicated.  The  reactions  were  analyzed  by  EMSA.  Lanes  9  and  12  also  contained  anti-Cdk9  antibodies  (a-Cdk9), 
which  caused  the  retardation  of  the  Cdk9-HA-CycTlAl-Tat-TAR  complex  and  also  partially  destabilized  the  complex,  probably  because  of  the  polyclonal  nature  of 
the  antibodies.  (B)  Silver-stained  SDS-polyacrylamide  gel  showing  the  presence  of  Cdk9-HA-CycTlAl  and  free  HA-CycTlAl  in  the  a-HA  IP  fraction  (lane  1).  A 
nonspecific  protein  (*)  was  revealed  in  a  control  fraction  prepared  in  parallel  from  untransfected  293T  cells  (lane  2).  (C)  Free  HA-CycTlAl  present  in  the  a-HA  IP 
fraction  formed  an  ATP-independent  complex  with  Tat  and  TAR  in  gel  shift  reactions.  Recombinant  CycTlAl  (rTlAl)  was  used  as  a  reference  (lanes  5  to  7)  for 
determining  the  identity  of  the  ATP-independent  complex  formed  with  the  a-HA  IP  fraction  (lanes  8  to  10).  (D)  Requirement  of  ATP  hydrolysis  for  P-TEFb-Tat-TAR 
assembly.  All  reaction  mixtures  contained  the  a-HA  IP  fraction,  Tat,  and  32P-labeled  wild-type  TAR  RNA.  [*y-S]ATP  was  used  in  place  of  ATP  in  lane  3. 


in  a  gel  mobility  shift  assay  (Fig.  1A).  The  reason  for  using  the 
C-terminally  truncated  CycTlAl  protein  (amino  acids  1  to 
333)  instead  of  full-length  CycTl  (CycTIFL)  (amino  acids  1  to 
726)  in  this  experiment  will  become  clear  shortly.  CycTlAl 
contains  the  conserved  cyclin  box  (amino  acids  1  to  272),  the 
presence  of  which  is  sufficient  for  binding  to  Cdk9  (2,  10,  34). 
It  also  contains  the  TRM  region  important  for  Tat  and  TAR 
binding  (10). 

As  shown  in  Fig.  1A,  recombinant  Tat  protein  interacted 
weakly  with  both  wild-type  TAR  RNA  (lane  4)  and  the  loop 
mutant  TAR+31/+34  with  four  nucleotide  substitutions  in  the 
apical  loop  (lane  3),  whereas  the  a-HA  IP  fraction  containing 
Cdk9-HA-CycTlAl  showed  no  detectable  binding  to  either 
probe  (Fig.  1A,  lanes  5  and  6).  Similar  to  the  findings  with 
recombinant  CycTl  (10,  37),  the  presence  of  both  Tat  and  the 
a-HA  IP  fraction  in  the  same  reaction  mixture  resulted  in  the 
formation  of  a  strong,  TAR  loop-dependent  complex  with  a 
mobility  slower  than  that  of  the  Tat-TAR  complex  (lanes  7  and 
8).  A  new  loop-dependent  complex  located  above  the  center 
line  of  the  gel  (Fig.  1A,  compare  lanes  8  and  11)  was  produced 
when  ATP  was  added  to  the  reaction  mixture.  Unlike  the  first 
two  complexes,  this  slow-migrating,  ATP-dependent  complex 
could  be  supershifted  by  anti-Cdk9  antibodies  (Fig.  1A,  com¬ 
pare  lane  12  with  lane  9),  indicating  the  presence  of  Cdk9, 
most  likely  in  the  form  of  a  Cdk9-CycTlAl  heterodimer, 
within  this  complex. 

We  also  investigated  the  composition  of  the  fast-migrating, 
ATP-independent  complex  derived  from  the  a-HA  IP  fraction. 


Since  this  fraction  was  prepared  from  transfected  cells  overex¬ 
pressing  HA-CycTlAl,  it  probably  contained  both  Cdk9-HA- 
CycTlAl  and  free  HA-CycTlAl.  Indeed,  when  analyzed  by 
SDS-PAGE  and  silver  staining,  this  fraction  was  found  to  con¬ 
tain  about  twice  more  HA-CycTlAl  than  Cdk9  (Fig.  IB,  lane 
1).  In  a  gel  mobility  shift  assay  (Fig.  1C),  the  mobility  of  the 
ATP-independent  complex  derived  from  the  a-HA  IP  fraction 
was  identical  to  that  of  the  CycTlAl-Tat-TAR  complex 
formed  with  the  recombinant  CycTlAl  protein  (Fig.  1C,  com¬ 
pare  lanes  6  and  7  with  lanes  9  and  10).  This  finding,  together 
with  the  observation  that  the  ATP-independent  complex  could 
not  be  supershifted  by  anti-Cdk9  antibodies,  suggested  that 
this  complex  was  very  likely  derived  from  the  binding  of  free 
HA-CycTlAl  present  in  the  a-HA  IP  fraction  to  Tat  and  TAR. 
Taken  together,  these  data  revealed  a  major  difference  be¬ 
tween  free  CycTl  and  the  Cdk9-CycTl  heterodimer  in  that  the 
latter  requires  ATP  to  form  a  high-affinity  P-TEFb-Tat-TAR 
ternary  complex. 

Most  of  cellular  P-TEFb  requires  ATP  hydrolysis  for  stable 
interaction  with  Tat  and  TAR.  The  stable  association  of  Cdk9- 
HA-CycTlAl  with  Tat  and  TAR  requires  ATP  hydrolysis  and 
not  just  simple  ATP  binding,  because  replacement  of  ATP  in 
the  binding  reaction  mixture  with  a  nonhydrolyzable  form  of 
ATP,  [y-S]ATP,  largely  inhibited  complex  formation  (Fig.  ID, 
compare  lanes  2  and  3).  Because  P-TEFb  is  a  Cdk-cyclin  ki¬ 
nase  complex,  it  is  most  likely  a  protein  phosphorylation  event 
that  results  in  the  assembly  of  the  P-TEFb-Tat-TAR  complex. 
To  rule  out  the  possibility  that  the  requirement  of  ATP  was 
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FIG.  2.  The  P-TEFb-Tat-TAR  complex  is  stabilized  by  C-terminal  truncation  of  CycTl  in  addition  to  P-TEFb  phosphorylation.  (A)  Diagram  showing  the  domain 
structures  of  CycTIFL  and  the  C-terminal  truncation  mutant  constructs  CycTlAl  to  -A4.  The  C-terminal  boundary  of  TRM  is  located  between  amino  acids  250  and 
262  at  the  C-terminal  edge  of  the  conserved  cyclin  box  domain  (amino  acids  1  to  272).  The  N-terminal  boundary  of  TRM  is  unclear.  (B)  The  C-terminal  truncation 
of  CycTl  did  not  affect  its  association  with  Cdk9.  HA-CycTIFL  or  HA-CycTlAl  to  -A4  and  their  associated  Cdk9  proteins  were  affinity  purified  from  293T  cells 
transiently  expressing  the  various  HA-tagged  CycTl  proteins  by  anti-HA  IP.  The  levels  of  Cdk9  and  HA-CycTI  in  these  preparations  were  analyzed  by  Western  blotting 
with  anti-Cdk9  and  anti-HA  antibodies.  A  faint  band  right  below  CycTIFL  is  a  nonspecific  cross-reactive  protein.  (C)  Equal  amounts  of  Cdk9-HA-CycTlFL  and 
Cdk9-HA-CycTlAl  to  -A4  were  tested  for  their  abilities  to  form  ternary  complexes  with  Tat  and  32P-labeled  wild-type  (lanes  w)  or  the  loop  mutant  (lanes  m)  TAR 
RNAs  in  a  gel  mobility  shift  assay. 


due  to  the  loss  of  phosphates  on  P-TEFb  during  cell  lysis  and 
the  subsequent  purification  procedure,  multiple  phosphatase 
inhibitors  were  used  in  the  experiment.  P-TEFb  thus  purified 
still  required  ATP  for  high-affinity  binding  to  Tat-TAR  (data 
not  shown),  suggesting  that  most  of  the  cellular  P-TEFb  may 
lack  the  key  phosphorylation  that  is  important  for  complex 
formation. 

C-terminal  truncation  of  CycTl  in  addition  to  P-TEFb  phos¬ 
phorylation  stabilizes  the  P-TEFb-Tat-TAR  complex.  The  gel 
mobility  shift  assay  described  above  used  P-TEFb  complexes 
containing  the  C-terminally  truncated  CycTl  molecule 
CycTl Al.  To  examine  the  effect  of  the  C-terminal  region  of 
CycTl  on  ATP-dependent  P-TEFb-Tat-TAR  complex  forma¬ 
tion,  we  generated  P-TEFb  complexes  containing  HA-tagged 
CycTIFL  (HA-CycTIFL)  or  a  series  of  mutant  CycTls  with 
C-terminal  deletions  (HA-CycTlAl  to  -A4)  (Fig.  2A).  These 
proteins  were  transiently  expressed  in  293T  cells  and  affinity 
purified  by  a-HA  IP.  Western  blotting  indicated  that  deletions 
of  the  C-terminal  region  of  CycTl  up  to  position  333  did  not 
affect  its  ability  to  interact  with  Cdk9  (Fig.  2B),  consistent  with 
the  notion  that  the  cyclin  box  of  CycTl  is  sufficient  for  Cdk9 
binding. 

Equal  amounts  of  each  complex  were  next  analyzed  in  a  gel 
mobility  shift  assay.  While  removal  of  residues  334  to  726  in 
CycTl  (CycTlAl)  resulted  in  the  formation  of  a  strong,  ATP- 
and  TAR  loop-dependent  complex  (Cdk9-CycTlAl-Tat- 
TAR)  (Fig.  2C,  lanes  1  and  2),  inclusion  of  the  C-terminal 
residues  in  CycTlA2,  CycTlA3,  CycTlA4,  and  CycTIFL  re¬ 
duced  the  stability  of  the  respective  P-TEFb-Tat-TAR  com¬ 
plexes  (Fig.  2C,  lanes  3  to  10).  Compared  to  Cdk9-CycTlAl, 


Cdk9-CycTlFL  displayed  a  very  weak,  albeit  ATP-  and  loop- 
dependent,  interaction  with  Tat  and  TAR  (Fig.  2C,  lanes  9  to 
11).  Similar  inhibition  of  complex  formation  by  the  CycTl 
C-terminal  region  was  also  observed  with  free,  recombinant 
CycTlAl  to  -A4  and  CycTIFL  proteins  (data  not  shown)  as 
well  as  with  free  CycTl  present  in  the  a-HA  IP  fraction  (bot¬ 
tom  half  of  Fig.  2C).  Thus,  both  the  C-terminal  region  of 
CycTl  and  the  unphosphorylated  state  of  P-TEFb  inhibited 
P-TEFb-Tat-TAR  complex  formation. 

It  is  important  to  point  out  that  P-TEFb  complexes  contain¬ 
ing  the  C-terminal  region  of  CycTl  demonstrated  somewhat 
higher  affinity  for  Tat  than  the  complex  (Cdk9-CycTlAl)  with¬ 
out  this  region  (2).  Thus,  the  C-terminal  region  inhibited  P- 
TEFb-Tat-TAR  formation  not  by  disrupting  the  interaction 
between  P-TEFb  and  Tat  but  more  likely  by  suppressing  the 
interaction  of  the  P-TEFb-Tat  complex  with  TAR  RNA. 

Autophosphorylation  of  Cdk9  is  required  for  P-TEFb-Tat- 
TAR  complex  formation.  Given  the  fact  that  high-affinity  P- 
TEFb-Tat-TAR  assembly  requires  ATP  hydrolysis,  we  wanted 
to  confirm  that  it  is  the  Cdk9  kinase  of  P-TEFb  and  not  some 
other  contaminating  kinases  or  ATPases  in  the  affinity-purified 
fraction  which  hydrolyzes  ATP  and  stimulates  P-TEFb-Tat- 
TAR  assembly.  We  prepared  P-TEFb  heterodimers  that  con¬ 
tained  either  wild-type  or  a  kinase-defective  Cdk9  with  a  point 
mutation  changing  Aspl67  to  Asn  (Fig.  3A).  (Since  the  HA  tag 
is  appended  to  Cdk9,  no  free  CycTl  is  present  in  these  a-HA 
IP  fractions.)  Because  of  the  inhibitory  activity  of  the  CycTl 
C-terminal  region,  a  large  amount  of  wild-type  P-TEFb  con¬ 
taining  CycTIFL  was  used  to  detect  the  formation  of  the  ter¬ 
nary  complex  (Fig.  3B,  lanes  1  and  2).  Compared  to  wild-type 
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FIG.  3.  Autophosphorylation  of  Cdk9  is  required  for  efficient  P-TEFb-Tat- 
TAR  complex  formation.  (A)  P-TEFb  complexes  containing  either  HA- tagged 
wild-type  Cdk9  (WT)  or  a  kinase-defective  Cdk9  (D167N)  were  affinity  purified 
by  a-HA  IP  and  normalized  for  their  CycTI  levels  by  Western  blotting  with 
anti-CycTl  antibodies.  (B)  The  kinase  activity  of  Cdk9  is  required  for  P-TEFb- 
Tat-TAR  formation.  The  two  P-TEFb  complexes  prepared  for  panel  A  were 
compared  in  a  gel  mobility  shift  assay  for  forming  P-TEFb-Tat-TAR  complexes 
in  the  presence  (+)  or  absence  (-)  of  ATP.  Since  the  HA  tag  was  attached  to 
Cdk9,  no  free  CycTI  was  present  in  these  a-HA  IP  fractions.  (C)  Autophos¬ 
phorylation  of  P-TEFb  is  required  for  P-TEFb-Tat-TAR  complex  formation. 
Purified  Cdk9-HA-CycTl  immobilized  on  anti-HA  antibody  beads  was  incu¬ 
bated  with  ATP  in  a  kinase  reaction  mixture.  Upon  removal  of  ATP,  the  phos¬ 
phorylated  complex  was  eluted  from  the  beads  and  incubated  with  Tat  and 
kp-labeled  wild-type  TAR  RNA  in  a  reaction  mixture  without  ATP.  An  equal 
amount  of  unphosphorylated  P-TEFb  was  used  as  a  control.  (D)  Phosphorylation 
of  CycTI  by  Cdk9  is  not  required  for  P-TEFb-Tat-TAR  formation.  Cdk9-HA- 
CycTlFL  and  Cdk9-HA-CycTlAl  to  -A4  complexes  were  prepared,  and  their 
levels  were  normalized  as  described  for  Fig.  2B.  Equal  amounts  of  these  com¬ 
plexes  were  analyzed  in  in  vitro  kinase  reactions.  Note  that  HA-CycTAl  was  not 
phosphorylated  by  Cdk9.  However,  Cdk9-HA-CycTlAl  formed  an  ATP-depen- 
dent  complex  with  Tat-TAR. 


P-TEFb,  the  kinase-defective  Cdk9(D167N)-CycTl  het¬ 
erodimer  failed  to  form  a  stable  complex  with  Tat  and  TAR 
both  in  the  presence  and  absence  of  ATP  (Fig.  3B,  lanes  3  and 
4).  This  binding  defect,  in  addition  to  the  failure  of  this  kinase- 
defective  P-TEFb  to  phosphorylate  the  Pol  II  CTD,  probably 
contributed  to  its  severe  deficiency  in  mediating  Tat  activation 
(42). 

Since  the  Cdk9  kinase  activity  is  important  for  P-TEFb-Tat- 
TAR  assembly,  we  wanted  to  confirm  that  autophosphoryla¬ 
tion  of  P-TEFb,  but  not  its  phosphorylation  of  Tat  or  TAR,  is 
crucial  for  this  process.  Instead  of  adding  ATP  directly  to  the 


incubation  of  P-TEFb  with  Tat  and  TAR,  Cdk9-HA-CycTl 
purified  from  the  stable  cell  line  B4  (2)  was  immobilized  on 
anti-HA  antibody  beads  and  subjected  to  a  kinase  reaction. 
After  extensive  washes  to  remove  ATP,  phosphorylated  Cdk9- 
HA-CycTl  was  eluted  from  the  beads  and  incubated  with  Tat 
and  TAR  in  a  reaction  mixture  without  ATP.  As  shown  in  Fig. 
3C,  ATP-pretreated  P-TEFb  associated  with  Tat  and  TAR 
while  the  unphosphorylated  P-TEFb  did  not.  Thus,  autophos¬ 
phorylation  of  P-TEFb  is  critical  for  P-TEFb-Tat-TAR  for¬ 
mation. 

When  the  P-TEFb  heterodimer  undergoes  autophosphory¬ 
lation  in  vitro,  Cdk9  phosphorylates  itself  as  well  as  the  asso¬ 
ciated  CycTI  molecule  (42).  To  determine  whether  autophos¬ 
phorylation  of  Cdk9  or  its  phosphorylation  of  CycTI  is  critical 
for  P-TEFb-Tat-TAR  formation,  we  performed  in  vitro  kinase 
reactions  to  compare  the  levels  of  Cdk9  and  CycTI  phosphor¬ 
ylation  among  P-TEFb  complexes  containing  HA-tagged 
CycTI  with  different  C-terminal  deletions.  All  complexes  were 
normalized  for  their  Cdk9  and  CycTI  levels  by  immunoblot- 
ting  with  anti-Cdk9  and  anti-HA  antibodies  (Fig.  2B).  While 
deletions  of  CycTI  C-terminal  residues  to  position  333  did  not 
affect  the  ability  of  Cdk9  to  autophosphorylate,  phosphoryla¬ 
tion  of  CycTI  by  Cdk9  gradually  diminished  as  more  amino 
acids  were  deleted  from  the  C  terminus  of  CycTI  (Fig.  3D).  It 
is  important  to  note  that  CycTlAl  was  not  phosphorylated  by 
Cdk9  (Fig.  3D,  lane  1;  refer  to  Fig.  2B,  lane  1,  for  the  position 
of  CycTlAl),  probably  because  of  a  lack  of  phosphorylation 
sites.  Yet  the  complex  containing  this  mutant  (Cdk9-HA- 
CycTlAl)  can  still  be  induced  by  phosphorylation  to  form  a 
stable  P-TEFb-Tat-TAR  complex  (Fig.  1),  indicating  that  the 
phosphorylation  of  Cdk9  but  not  CycTI  is  crucial  for  this 
process. 

Autophosphorylation  of  Cdk9  does  not  affect  P-TEFb-Tat 
binding  but  induces  conformational  changes  in  P-TEFb  for 
better  TAR  recognition.  Autophosphorylation  of  Cdk9  may 
facilitate  P-TEFb-Tat-TAR  formation  by  increasing  the  bind¬ 
ing  of  P-TEFb  to  either  Tat  protein  or  TAR  RNA.  To  distin¬ 
guish  between  these  two  possibilities,  we  compared  unphos¬ 
phorylated,  in  vitro  autophosphorylated,  and  alkaline 
phosphatase-treated  Cdk9-HA-CycTl  heterodimers  (see  Ma¬ 
terials  and  Methods)  for  their  abilities  to  interact  with  wild- 
type  GST-Tat(l-48)  proteins.  GST-Tat(l-48,  C22G),  which 
contains  a  point  mutation  in  the  Tat  activation  domain,  was 
used  as  a  control  to  demonstrate  the  specificity  of  the  interac¬ 
tion.  Western  blotting  with  anti-CycTl  antibodies  indicated 
that  autophosphorylation  of  Cdk9-HA  only  minimally  in¬ 
creased  the  binding  of  Cdk9-HA-CycTl  to  wild-type  Tat  (Fig. 
4A,  compare  lanes  2  and  4)  but  that  phosphatase  treatment 
slightly  decreased  the  binding  (compare  lanes  2,  4,  and  5).  In 
contrast,  adding  the  same  amount  of  phosphatase  to  a  binding 
reaction  mixture  prior  to  the  gel  shift  electrophoresis  inhibited 
the  formation  of  the  Cdk9-T1A1-Tat-TAR  complex  but  not 
the  complex  containing  free  T1A1  (T1 A 1 -Tat-TAR)  (Fig.  4B). 
These  results  indicated  that  autophosphoiylation  of  Cdk9  did 
not  significantly  affect  the  P-TEFb-Tat  interaction.  Rather,  it 
probably  enhanced  the  binding  of  the  P-TEFb-Tat  complex  to 
TAR  RNA  to  facilitate  P-TEFb-Tat-TAR  complex  formation. 

To  explain  the  positive  effect  of  Cdk9  autophosphorylation 
on  the  binding  of  the  P-TEFb-Tat  complex  to  TAR  RNA,  we 
asked  whether  phosphorylation  induces  a  conformational 
change  in  P-TEFT?  which  may  be  favorable  for  TAR  recogni¬ 
tion.  Partial  proteolysis  was  carried  out  on  phosphorylated  and 
unphosphorylated  P-TEFb  consisting  of  HA-CycTl  and  Cdk9- 
Flag  to  look  for  phosphorylation-induced  changes  in  trypsin- 
sensitive  sites.  Cleaved  fragments  of  HA-CycTl  were  visual¬ 
ized  by  Western  blotting  with  anti-HA  antibody.  The  patterns 
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FIG.  4.  P-TEFb  phosphorylation  does  not  affect  P-TEFb-Tat  binding  but  induces  conformational  changes  in  P-TEFb  for  better  TAR  recognition.  (A)  Equal 
amounts  of  in  vitro-phosphorylated  P-TEFb  (Cdk9-H A-CycTl;  lane  4),  unphosphorylated  P-TEFb  (lanes  1  to  3),  and  alkaline  phosphatase  (AP;  10  Untreated  P-TEFb 
(lane  5)  complexes  were  incubated  with  wild-type  (WT)  GST-Tat(l-48)  proteins  bound  to  glutathione-Sepharose  beads.  After  washes,  the  amount  of  P-TEFb  bound 
to  Tat  was  examined  by  Western  blotting  with  anti-CycTl  antibodies  (a-CycTl).  The  GST-Tat(l-48,  C22G)  mutant  protein,  which  contains  a  point  mutation  in  the 
Tat  activation  domain,  was  used  as  a  control  (lane  3).  (B)  Alkaline  phosphatase  treatment  inhibited  the  formation  of  the  Cdk9-T1A1-Tat-TAR  complex  but  not  the 
complex  containing  free  T1A1.  The  binding  and  gel  shift  conditions  are  the  same  as  described  for  lane  11  of  Fig.  1  A,  except  that  10  U  of  AP  was  included  in  the  binding 
reaction  mixture  in  lane  3  prior  to  electrophoresis.  (C)  P-TEFb  phosphorylation  resulted  in  changes  in  trypsin  sensitivity  in  the  CycTl  C-terminal  region.  Purified 
Cdk9-Flag-HA-CycTl  complexes  were  first  subjected  to  in  vitro  kinase  reactions  in  the  presence  or  absence  of  ATP,  and  then  trypsin  was  added  to  the  reaction 
mixtures.  The  cleaved  products  were  detected  by  Western  blotting  with  an  anti-HA  monoclonal  antibody  (a-HA)  which  recognizes  the  HA  tag  at  the  N  terminus  of 
CycTl.  The  position  of  a  cross-reactive  protein  doublet  is  indicated  by  an  *. 


of  CycTl  cleavage  shown  in  Fig.  4C  differed  between  the  two 
forms  of  P-TEFb.  In  general,  more  cleaved  fragments  in  the 
range  of  37  to  55  kDa  and  fewer  uncleaved  HA-CycTl  frag¬ 
ments  were  observed  with  unphosphorylated  P-TEFb  than 
with  the  phosphorylated  form.  However,  a  novel  CycTl  frag¬ 
ment  of  —48  kDa  was  observed  only  in  phosphorylated  P- 
TEFb.  Since  all  the  cleaved  CycTl  fragments  contained  an  HA 
tag  at  their  N  termini,  their  sizes  allowed  the  mapping  of  the 
major  trypsin-sensitive  sites  to  a  region  C  terminal  to  the  cyclin 
box.  We  were,  however,  unable  to  detect  trypsin-cleaved  frag¬ 
ments  of  Cdk9-Flag  by  anti-FIag  antibody  Western  blotting 
under  this  condition  (data  not  shown),  probably  because  it  was 
protected  by  the  associated  CycTl.  Nevertheless,  the  observed 
alteration  of  trypsin  sensitivity  in  the  C-terminal  region  of 
CycTl  suggested  a  phosphorylation-induced  conformational 
change  in  CycTl  and/or  Cdk9,  which  probably  exposes  the 
TAR-binding  surface  in  CycTl  for  possible  P-TEFb-TAR  in¬ 
teraction. 

The  N-  and  C-terminal  regions  of  CycTl  interact  in  an 
intramolecular  manner  to  inhibit  P-TEFb-Tat-TAR  complex 
formation.  The  data  presented  above  suggested  that  P-TEFb 
needs  to  overcome  two  separate  barriers  in  order  to  bind  TAR 
RNA  in  conjunction  with  Tat.  The  unphosphorylated  state  of 
Cdk9  constitutes  the  first  barrier,  which  can  be  overcome 
through  Cdk9  autophosphorylation.  The  induced  conforma¬ 
tional  change  in  P-TEFb  probably  facilitates  P-TEFb-TAR 
binding.  The  second  barrier  resides  in  the  C-terminal  region  of 
CycTl,  which  interfered  with  the  binding  of  the  P-TEFb-Tat 
complex  to  TAR  RNA  (Fig.  2C).  To  explore  the  mechanism 
for  this  inhibition,  we  asked  whether  the  C-terminal  region  of 
CycTl  can  fold  back  to  interact  with  the  CycTl  N-terminal 
region,  thereby  masking  the  TAR-binding  surface.  First,  a  GST 
pull-down  assay  was  performed  to  test  the  interaction  of 


CycTlAl,  which  contains  the  N-terminal  cyclin  box  and  its 
immediate  flanking  region  (Fig.  2A),  with  GST-CycTl-C, 
which  contains  a  CycTl  C-terminal  fragment  (amino  acids  402 
to  701).  As  shown  in  Fig.  5A,  CycTl  A1  was  able  to  interact  with 
GST-CycTl-C  but  not  with  GST  alone,  indicating  a  possible 
interaction  between  the  N-  and  C-terminal  regions  of  CycTl. 

Assuming  that  the  hypothetical  intramolecular  interaction  in 
CycTl  indeed  inhibits  the  P-TEFb-TAR  interaction,  two  pos¬ 
sible  mechanisms  may  account  for  this  inhibition.  The  C-ter¬ 
minal  region  may  directly  contact  and  block  the  TAR-binding 
surface  located  in  the  N-terminal  region,  or  it  may  contact  a 
different  N-terminal  domain,  but  the  intramolecular  interac¬ 
tion  would  create  steric  hindrance  to  prevent  the  P-TEFb- 
TAR  interaction.  To  distinguish  between  these  two  possibili¬ 
ties,  recombinant  CycTl-C  was  added  to  gel  shift  reaction 
mixtures  to  test  its  effect  on  the  binding  of  free  CycTlAl  or  the 
Cdk9-CycTlAl  heterodimer  to  TAR  RNA.  Adding  CycTl-C 
in  trans  did  not  inhibit  TAR  binding  but  rather  resulted  in  a 
further  retardation  in  the  mobilities  of  the  two  complexes  (Fig. 
5B,  lanes  4  to  7).  In  a  control  reaction,  CycTl-C  alone  did  not 
affect  the  Tat-TAR  interaction  (Fig.  5B,  lane  3).  The  lack  of 
inhibition  by  CycTl-C  suggested  that  the  binding  surface  be¬ 
tween  the  CycTl  N  and  C  termini  does  not  overlap  with  the 
TAR  recognition  surface.  Furthermore,  when  the  N-  and  C- 
terminal  regions  were  physically  separated,  their  interaction  in 
trans  no  longer  produced  the  steric  hindrance  observed  in  the 
intact  CycTl,  and  hence  no  inhibition  was  observed. 

To  further  test  the  hypothesis  that  the  intramolecular  inter¬ 
action  produces  a  steric  hindrance  that  causes  the  autoinhibi¬ 
tion  of  CycTl -TAR  binding,  we  attempted  to  disrupt  this  in¬ 
teraction  by  challenging  full-length  P-TEFb  (Cdk9-CycTlFL) 
with  excess  amounts  of  recombinant  CycTl-C.  Compared  with 
the  weak  P-TEFb-Tat-TAR  complex  formed  in  the  absence  of 


VOL.  20,  2000 


RELIEVING  AUTOINHIBITORY  MECHANISMS  IN  P-TEFb 


5903 


A 


s<*r  d? 
<*r 
& 


>  CycTIAI 


B 


Cdk9^ 
rtlAl  T1A1 


1  2  3  4  5  6  7 


c 


Cdk9/ 

JLIFL. 


CycTl -C:  -  -  +  + 
Tat:  +  +  +  + 


V  1  2  3 


FIG.  5.  The  CycTl  C-terminal  region  interacts  with  the  N-terminal  region  to  inhibit  P-TEFb-Tat-TAR  complex  formation.  (A)  HA-tagged  recombinant  CycTIAI 
proteins  were  incubated  with  equal  amounts  of  GST  or  GST-CycTl-C  (CycTl  C-terminal  fragment,  amino  acids  402  to  701)  bound  to  glutathione-Sepharose  beads. 
After  washes,  bound  CycTIAI  was  detected  by  Western  blotting  with  the  anti-HA  monoclonal  antibody  12CA5.  Twenty  percent  of  the  CycTIAI  used  in  the  binding 
reaction  mixture  was  shown  as  input.  (B)  Binding  of  CycTl-C  to  recombinant  CycTIAI  (rTlAl)  and  the  Cdk9-CycTlAl  complex  (Cdk9/T1A1)  in  trans  did  not  impede 
their  interactions  with  Tat  and  TAR.  Recombinant  CycTIAI  (-200  ng)  or  Cdk9-CycTlAl  (-300  ng)  was  incubated  in  the  presence  or  absence  of  CycTl-C  (-400  ng) 
for  10  min,  followed  by  the  addition  of  Tat  (100  ng)  and  32P-labeled  TAR  RNA.  The  reaction  products  were  analyzed  by  gel  mobility  shift  assay.  (C)  Binding  of  CycTl-C 
to  Cdk9-CycTl  FL  disrupted  the  intramolecular  interaction  in  CycTl  and  stabilized  the  P-TEFb-Tat-TAR  complex.  Reaction  mixtures  containing  CycTl-C  (-400  ng), 
Cdk9-CycTlFL  (—300  ng),  Tat  (100  ng),  TAR,  and  ATP  were  analyzed  as  described  for  panel  B.  Lane  1'  is  an  eight-times-longer  exposure  of  lane  1  and  shows  the 
position  of  Cdk9-CycTlFL-Tat-TAR  in  the  gel. 


CycTl-C  (Fig.  5C,  lane  V ,  an  eight-times-longer  exposure  of 
lane  1),  binding  of  CycTl-C  to  Cdk9-CycTlFL  resulted  in  a 
dramatic  enhancement  of  the  P-TEFb-TAR  interaction  (com¬ 
pare  lanes  1  and  2).  Thus,  the  autoinhibition  of  TAR  binding 
can  be  relieved  by  the  disruption  of  the  intramolecular  inter¬ 
action  in  CycTl  with  CycTl -C.  These  results  are  consistent 
with  the  notions  that  the  C-terminal  region  of  QycTl  nega¬ 
tively  regulates  P-TEFb-Tat-TAR  complex  formation  through 
interacting  with  the  N-terminal  region  and  that  this  intramo¬ 
lecular  interaction  sterically  blocks  the  binding  of  the  P-TEFb- 
Tat  complex  to  TAR. 

The  C-terminal  region  of  CycTl  interacts  with  Tat-SFl  and 
Pol  II  in  HeLa  nuclear  extracts.  The  above  results  indicated 
that  the  key  to  relieving  the  second  autoinhibition  of  P-TEFb- 
Tat-TAR  complex  formation  is  to  disrupt  the  intramolecular 
interaction  in  CycTl.  Other  than  by  artificially  disrupting  this 
interaction  by  causing  competition  with  recombinant  CycTl-C 
or  removing  the  C-terminal  region,  we  investigated  the  possi¬ 
bility  that  the  CycTl -associated  proteins  may  relieve  the  auto¬ 
inhibition  by  interacting  with  and  stabilizing  the  C-terminal 
inhibitory  region  of  CycTl.  First,  we  examined  whether  the 
C-terminal  region  of  CycTl  may  interact  with  components  of  a 
recently  characterized  Pol  II  elongation  complex  (31).  Equal 
amounts  of  immobilized  GST,  GST-CycTIFL,  GST-CycTlAl, 
and  GST-CycTl-C  proteins  were  incubated  with  HeLa  nuclear 
extracts,  and  their  abilities  to  bind  to  several  known  elongation 
factors  and  Pol  II  were  analyzed  by  immunoblotting.  Small 
fractions  of  RNA  Pol  Ila  and  Tat-SFl  in  the  nuclear  extract 
were  found  to  interact  with  CycTIFL  and  its  C-terminal  region 
(Fig.  6A,  lanes  5  and  9)  but  not  with  the  N-terminal  region 
(CycTIAI;  lane  7)  or  GST  alone  (lane  3).  Unlike  Pol  Ila  and 
Tat-SFl,  little  SPT5  (a  subunit  of  DSIF)  or  RAP30  (a  subunit 
of  TFIIF)  in  the  nuclear  extract  was  found  to  associate  with 
CycTl  under  this  condition  (Fig.  6A),  although  a  weak  inter¬ 
action  between  P-TEFb  and  DSIF  was  detected  in  a  purified 
system  (data  not  shown). 


Binding  of  Tat-SFl  to  the  CycTl  C-terminal  region  stabi¬ 
lizes  the  P-TEFb-Tat-TAR  complex.  Since  the  CycTl  C-ter- 
minal  region  interacts  with  Pol  Ila  and  Tat-SFl,  we  investi¬ 
gated  whether  the  association  with  Tat-SFl  would  stabilize  the 
binding  of  the  P-TEFb-Tat  complex  to  TAR.  We  affinity  pu¬ 
rified  Flag-tagged  Tat-SFl  protein  from  transiently  transfected 
293T  cells,  and  the  purified  protein  was  analyzed  by  SDS- 
PAGE  and  silver  staining  (Fig.  6B).  When  tested  in  a  gel 
mobility  shift  assay,  Tat-SFl  did  not  recognize  TAR  RNA  by 
itself  (data  not  shown)  or  in  the  presence  of  Tat  (Fig.  6C,  lane 
3),  in  spite  of  having  two  putative  RNA  recognition  motifs 
(44).  Because  of  the  strong  autoinhibition  caused  by  the  in¬ 
tramolecular  interaction  in  CycTl,  wild-type  P-TEFb  (Cdk9- 
CycTlFL)  produced  a  very  weak,  albeit  ATP-dependent  (data 
not  shown),  P-TEFb-Tat-TAR  complex  visible  only  after  a 
prolonged  exposure  of  the  autoradiogram  (Fig.  6C,  lane  T  is 
an  eight-times-longer  exposure  of  lane  1).  Importantly,  prein¬ 
cubation  of  Flag-tagged  Tat-SFl  with  P-TEFb  supershifted  the 
P-TEFb-Tat-TAR  complex  and  significantly  enhanced  the  as¬ 
sembly  of  a  multiprotein  complex  that  most  likely  contained 
Tat-SFl,  Cdk9-CycTlFL,  Tat,  and  TAR  (Fig.  6C,  lane  2).  The 
involvement  of  Tat-SFl  in  forming  this  supershifted  complex 
was  also  revealed  by  the  observation  that  inclusion  of  anti-Flag 
or  anti-Tat-SFl  antibody  in  the  binding  reaction  mixture  in¬ 
hibited  the  complex  formation  (data  not  shown).  This  stimu¬ 
latory  effect  of  Tat-SFl  depended  on  the  presence  of  ATP  in 
the  reaction  mixture,  suggesting  that  Tat-SFl  cannot  overcome 
the  first  autoinhibitory  step  in  P-TEFb,  which  is  relieved  only 
through  Cdk9  autophosphorylation.  In  the  same  reaction  as 
that  shown  in  lane  2  of  Fig.  6C,  Tat-SFl  also  interacted  with 
and  increased  the  binding  to  TAR  RNA  by  free  CycTl 
(CycTIFL)  present  in  the  a-HA-CycTl  IP  fraction.  As  pre¬ 
dicted,  the  cooperative  TAR  binding  promoted  by  Tat-SFl 
requires  the  C-terminal  region  of  CycTl,  as  Cdk9-CycTlAl 
interacted  strongly  with  Tat  and  TAR  independently  of  Tat- 
SFl  (Fig.  6C,  lanes  4  and  5).  These  results  demonstrated  an 
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FIG.  6.  Tat-SFI  interacts  with  the  C-terrainal  region  of  CycTl  and  represses 
the  autoinhibitory  activity  of  this  region.  (A)  The  C-terminal  region  of  CycTl 
interacted  with  Tat-SFI  and  RNA  Pol  Ila  in  HeLa  nuclear  extracts  (NE).  HeLa 
nuclear  extracts  were  incubated  with  equal  amounts  of  GST,  GST-CycTIFL, 
GST-CycTlAl,  and  GST-CycTl-C  proteins  bound  to  glutathione-Sepharose 
beads.  After  washes,  the  bound  proteins  were  analyzed  by  Western  blotting  with 
antibodies  specific  for  Tat-SFI,  Pol  Ila,  RAP30,  and  SPT5.  Five  percent  of  the 
nuclear  extracts  used  in  the  binding  reaction  mixture  were  shown  as  input.  The 
nonspecific  bands  shown  in  lanes  4  and  5  in  anti-Tat-SFl  and  anti-RAP30 
antibody  panels  are  cross-reactive  bacterial  proteins.  (B)  Silver-stained  SDS- 
polyacrylamide  gel  showing  Flag-tagged  Tat-SFI  affinity  purified  from  trans¬ 
fected  293T  cells.  (C)  Binding  of  Tat-SFI  to  the  C-terminal  region  of  CycTl 
enhanced  the  P-TEFb-TAR  interaction.  Equal  amounts  of  Cdk9-HA-CycTlFL 
(Cdk9/T1FL;  lanes  1\  1,  and  2)  and  Cdk9-HA-CycTlAl  (Cdk9/T1A1;  lanes  4 
and  5)  were  incubated  with  Tat,  32P-Iabeled  TAR,  and  ATP  in  the  presence  or 
absence  of  purified  Tat-SFI.  Reaction  products  were  analyzed  by  gel  mobility 
shift  assay.  Lane  1'  is  an  eight-times-longer  exposure  of  lane  1  and  shows  the 
position  of  Cdk9-T1FL-Tat-TAR. 


important  role  of  Tat-SFI  in  overcoming  the  intramolecular 
inhibition  in  CycTl  by  binding  to  the  CycTl  C-terminal  region. 
In  contrast  to  Tat-SFI,  inclusion  of  purified  calf  thymus  RNA 
Pol  II  in  a  binding  reaction  mixture  did  not  lead  to  an  en¬ 
hanced  binding  of  P-TEFb  to  Tat-TAR  (data  not  shown). 

We  noticed  that  the  stimulation  of  complex  formation  by 
Tat-SFI  did  not  reach  the  level  attained  by  the  deletion  of  the 
CycTl  C-terminal  region  (Fig.  6C,  compare  lane  2  with  lanes  4 
and  5).  Assuming  that  the  affinity  of  Cdk9-CycTlFL  for  Tat- 
TAR  during  transcription  would  reach  the  same  level  attained 
by  Cdk9-CycTlAl,  it  is  possible  that  other  cellular  factors  may 
need  to  work  together  with  Tat-SFI  to  fully  stabilize  the  P- 
TEFb-Tat-TAR  complex. 

The  C-terminal  region  of  CycTl  is  required  for  efficient 
HIV-1  transcriptional  elongation.  The  binding  of  the  CycTl 
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FIG.  7.  The  C-terminal  region  of  CycTl  is  required  for  efficient  HIV-1  tran¬ 
scriptional  elongation.  (A)  P-TEFb  complexes  containing  either  HA-tagged 
CycTlAl  or  CycTIFL  were  normalized  for  their  Cdk9  and  CycTl  levels  by  Western 
blotting  with  anti-Cdk9  and  anti-HA  antibodies.  (B)  Equal  amounts  of  the  two 
P-TEFb  complexes  were  added  to  transcription  reaction  mixtures  containing  P- 
TEFb-depleted  HeLa  nuclear  extracts  (NE)  as  well  as  the  DNA  templates 
pHIV+TAR-G400  and  pHIVATAR-GlOO  in  the  presence  (+)  or  absence  (-)  of 
Tat  protein.  The  amount  of  P-TEFb  analyzed  in  lanes  3  to  6  was  three  times  (3X) 
higher  than  that  in  lanes  7  to  10.  +TAR-G400  and  ATAR-G100  are  RNase  Tr 
resistant  RNA  fragments  transcribed  from  the  two  G-less  DNA  cassettes  (400  and 
100  bp)  inserted,  respectively,  into  pHIV+TAR-G400  and  pHIVATAR-GlOO  at  a 
position  <=“1  kb  downstream  of  the  HIV-1  promoter  region. 


C-terminal  region  to  Pol  II  and  Tat-SFI  and  the  requirement 
of  this  region  for  the  assembly  of  a  multiprotein  complex  at 
TAR  RNA  suggested  that  this  region  may  be  important  for 
basal  and  Tat-activated  HIV-1  transcription.  We  analyzed  the 
abilities  of  Cdk9-CycTlFL  and  Cdk9-CycTlAl  to  mediate  Tat 
activation  in  HeLa  nuclear  extracts  immunodepleted  of  the 
endogenous  P-TEFb.  Immunoblotting  analysis  indicated  only  a 
trace  amount  of  P-TEFb  left  in  the  depleted  extract  (data  not 
shown),  which  was  probably  responsible  for  the  very  low  level 
of  HIV-1  transcription  observed  in  this  extract  (Fig.  7B,  lanes 
1  and  2).  Supplementing  the  depleted  extract  with  two  concen¬ 
trations  (lx  and  3X)  of  wild-type  P-TEFb  (Cdk9-CycTlFL) 
allowed  Tat  to  specifically  increase  the  level  of  transcripts 
elongating  beyond  1,000  nucleotides  from  an  HIV-1  promoter 
containing  the  wild-type  TAR  element  (pHIV+TAR-G400 
[43])  but  not  from  an  internal  control  promoter  with  a  mutant 
TAR  (pHIVATAR-GlOO)  (Fig.  7B,  lanes  5,  6,  9,  and  10).  The 
reduced  fold  of  Tat  activation  as  a  result  of  more  P-TEFb  (3x) 
being  added  to  the  reaction  mixture  (2.8-fold  in  lanes  5  and  6 
versus  6.1-fold  in  lanes  9  and  10  after  normalization  to  internal 
controls)  was  probably  due  to  an  efficient  elongation  mediated 
by  high  levels  of  P-TEFb,  which  partially  bypassed  the  require¬ 
ment  for  Tat. 
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FIG.  8.  Model  for  the  assembly  of  the  P-TEFb-Tat-TAR  complex  through  relief  of  two  built-in  autoinhibitory  mechanisms  in  P-TEFb.  See  the  text  for  details.  It 
is  important  to  point  out  that  in  this  diagram  the  order  of  events  depicted  between  the  first  and  last  steps  is  purely  hypothetical. 


Compared  with  the  same  amount  of  wild-type  P-TEFb,  the 
ability  of  Cdk9-CycTlAl  to  mediate  basal,  TAR-independent 
HIV-1  transcription  decreased  by  about  14-fold  (Fig.  7B,  com¬ 
pare  the  ATAR-G100  signals  between  lane  3  and  lane  5). 
Meanwhile,  the  Tat-specific  and  TAR-dependent  transcription 
mediated  by  Cdk9-CycTlAl  decreased  by  up  to  sixfold  (com¬ 
pare  the  +TAR-G400  signals  between  lane  8  and  lane  10;  the 
decrease  was  threefold  between  lanes  4  and  6,  which  contained 
3X  P-TEFb).  Because  of  the  more  severe  reduction  in  basal 
activity,  the  fold  of  Tat  activation  supported  by  Cdk9-CycTlAl 
was  slightly  better  than  that  supported  by  wild-type  P-TEFb. 

These  results  indicated  that  the  C-terminal  region  of  CycTI 
is  crucial  for  basal  HIV-1  transcription,  as  this  domain  may 
mediate  the  interaction  of  P-TEFb  with  Tat-SFl,  Pol  II,  and 
perhaps  other  components  of  the  elongation  apparatus.  The 
lack  of  stable  interaction  between  Cdk9-CycTlAl  and  the 
elongation  apparatus  may  result  in  inefficient  phosphorylation 
of  the  Pol  II  CTD  and  hence  a  marked  reduction  in  basal 
elongation.  These  results  are  consistent  with  the  previous  find¬ 
ings  that  truncation  of  the  C-terminal  region  of  Drosophila 
CycTI  reduced  the  basal  activity  to  about  10%  (33,  34). 

Our  data  also  indicated  that  the  CycTI  C-terminal  region  is 
important  for  Tat-specific  and  TAR-dependent  HIV-1  tran¬ 
scription,  although  it  has  a  less  pronounced  effect  than  in  basal 
elongation.  Unlike  in  the  Tat-independent  elongation  process, 
it  is  possible  that  the  presence  of  Tat  can  at  least  recruit 
Cdk9-CycTlAl  to  the  HIV-1  promoter  (Fig.  2C),  and  the  ex¬ 
istence  of  alternative  weak  interactions  between  the  Cdk9- 
CycTlAl-Tat-TAR  complex  and  the  general  elongation  ap¬ 
paratus  independent  of  the  CycTI  C-terminal  region  may  be 
responsible  for  the  observed  weak  Tat-specific  transcription 
mediated  by  Cdk9-CycTlAl.  Previous  reports  of  the  associa¬ 
tions  of  Tat  with  the  Pol  II  holoenzyme  (4,  31)  and  Tat-SFl 
(44)  may  provide  such  alternative  interactions. 

It  is  important  to  note  that  adding  an  amount  of  Cdk9- 


CycTlAl  about  three  times  larger  than  that  of  endogenous 
P-TEFb  in  HeLa  nuclear  extract  into  P-TEFb-depleted  reac¬ 
tion  mixtures  (lanes  3  and  4  of  Fig.  7B)  appeared  to  further 
strengthen  these  alternative  interactions,  leading  to  a  dimin¬ 
ished  requirement  of  the  CycTI  C-terminal  region  for  efficient 
Tat-specific  transcription  (compare  lanes  4  and  6).  In  agree¬ 
ment  with  this  observation,  overexpression  of  C-terminally 
truncated  human  CycTI  in  rodent  cells  has  been  shown  to 
support  Tat-dependent  HIV-1  transcription  with  full  to  about 
half  the  capacity  of  full-length  CycTI  (10,  16). 

DISCUSSION 

The  formation  of  a  TAR  loop-dependent  P-TEFb-Tat- 
TAR  complex  is  essential  for  Tat-specific  and  TAR-dependent 
stimulation  of  HIV-1  transcription.  The  data  presented  here 
provide  a  mechanistic  view  of  how  a  high-affinity  P-TEFb-Tat- 
TAR  complex  is  assembled.  Interestingly,  assembly  of  this 
complex  is  a  regulated  process  involving  the  relief  of  two  au¬ 
toinhibitory  mechanisms  in  P-TEFb.  Most  of  the  P-TEFb  het¬ 
erodimers  isolated  from  human  cells  appear  to  be  intrinsically 
inactive  in  forming  stable  P-TEFb-Tat-TAR  complexes.  P- 
TEFb  undergoes  conformational  changes  in  at  least  two  con¬ 
trolled  steps  and  requires  the  help  from  another  elongation 
factor(s)  in  order  to  form  a  high-affinity  complex  on  TAR 
RNA. 

Previous  alanine-scanning  mutagenesis  of  the  CycTI  TRM 
identified  residues  that  are  critical  for  the  interaction  with  Tat 
and  others  that  are  required  specifically  for  binding  of  the 
Tat-CycTl  complex  to  TAR  RNA  (10).  Thus,  the  CycTI  TRM 
makes  independent  contacts  with  Tat  and  TAR.  As  depicted  in 
the  diagram  shown  in  Fig.  8,  the  data  presented  here  are 
consistent  with  the  model  that  the  TRM  subdomain  required 
for  P-TEFb-TAR  interaction  is  blocked,  either  directly  or  in¬ 
directly,  by  both  unphosphorylated  Cdk9  and  the  C-terminal 
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region  of  CycTl,  which  folds  back  to  interact  with  the  N- 
terminal  region.  In  contrast,  the  part  of  TRM  specific  for  Tat 
binding  appears  to  be  accessible  irrespective  of  the  phosphor¬ 
ylation  state  of  Cdk9  (Fig.  4A)  and  the  intramolecular  inter¬ 
action  in  CycTl  (2).  Relief  of  the  first  autoinhibition  requires 
Cdk9  autophosphorylation,  which  alters  the  conformation  in 
CycTl  and/or  Cdk9  and  unmasks  the  critical  TRM  subdomain 
for  possible  interaction  with  TAR  RNA.  It  is  interesting  that  a 
mutant  P-TEFb  with  a  kinase-defective  Cdk9  subunit  was  in¬ 
capable  of  forming  a  stable  complex  with  Tat  and  TAR  (Fig. 
3C),  suggesting  that  the  failure  of  this  mutant  elongation  factor 
to  mediate  Tat  activation  is  not  simply  due  to  its  defective  CTD 
kinase  activity  (42)  but  rather  to  its  inability  to  bind  TAR  RNA 
and  to  be  recruited  to  the  HIV  promoter  at  an  earlier  stage. 

Autophosphorylation  of  Cdk9  only  partially  exposes  the  sub- 
domain  of  TRM  for  TAR  recognition  (Fig.  8).  The  efficient 
interaction  between  P-TEFb  and  TAR  RNA  also  requires  sup¬ 
pression  of  the  autoinhibitory  activity  of  the  CycTl  C-terminal 
region.  The  intramolecular  interaction  of  the  CycTl  C-termi- 
nal  region  with  the  N-terminal  half  probably  creates  steric 
hindrance  that  blocks  the  access  to  TRM  by  TAR  RNA  (Fig. 
8).  To  disrupt  this  intramolecular  interaction  and  relieve  the 
autoinhibition,  transcription  elongation  factor  Tat-SFl  inter¬ 
acts  with  the  C-terminal  region  and  markedly  enhances  the 
binding  of  the  Tat-SFl-P-TEFb-Tat  complex  to  TAR  RNA 
(Fig.  6C).  However,  the  effect  of  Tat-SFl  did  not  approach  the 
level  attained  by  the  deletion  of  the  CycTl  C-terminal  domain. 
One  possibility  is  that  another  cellular  factor(s)  (Fig.  8)  works 
together  with  Tat-SFl  to  fully  stabilize  the  complex.  Indeed,  in 
addition  to  Tat-SFl,  the  CycTl  C-terminal  region  was  also 
shown  to  interact  with  Pol  Ila  and  perhaps  other  components 
of  the  Pol  II  elongation  apparatus.  Upon  its  release  from  the 
intramolecular  interaction,  this  region  may  function  as  a  bridge 
linking  the  P-TEFb-Tat-TAR  ternary  complex  with  the  basal 
elongation  apparatus.  In  support  of  this  model,  when  a  phys¬ 
iological  amount  of  P-TEFb  was  analyzed  in  transcription  re¬ 
actions,  the  C-terminal  region  of  CycTl  was  found  to  be  re¬ 
quired  for  both  basal  and  Tat-activated  HIV-1  transcription 
(Fig.  7),  although  other  minor  interactions  between  the  P- 
TEFb-Tat-TAR  complex  and  the  basal  elongation  apparatus 
may  also  contribute  to  the  assembly  of  a  highly  processive, 
multicomponent  Pol  II  elongation  machinery  (Fig.  8).  Tat-SFl 
was  biochemically  identified  as  a  Tat-specific  cellular  cofactor 
(44).  Our  results  provide  a  plausible  explanation  for  the  Tat- 
specific  elongation  activity  of  this  factor.  Since  Tat-SFl  binds 
to  Tat  and  contains  two  RNA  recognition  motifs  (44),  future 
experiments  are  necessary  to  determine  whether  these  prop¬ 
erties  of  Tat-SFl  contribute  to  cooperative  TAR  recognition 
by  Tat-SFl,  P-TEFb,  and  Tat. 

Autoinhibition,  involving  intramolecular  interactions  that 
negatively  regulate  the  function  of  otherwise  autonomous 
modules,  is  observed  in  many  transcription  factors  (for  a  re¬ 
view,  see  reference  14).  For  instance,  SNAPc,  a  core  promoter¬ 
binding  factor  required  for  transcription  of  RNA  Pol  II  and 
Pol  III  snRNA  promoters,  was  shown  to  have  an  autoinhibitory 
C-terminal  region  that  represses  the  binding  of  SNAPc  to 
DNA  (28).  Interestingly,  like  the  derepression  effect  mediated 
by  the  interaction  of  Tat-SFl  with  P-TEFb,  repression  of 
SNAPc  DNA  binding  can  be  relieved  by  the  interaction  of 
SNAPc  with  the  Oct-1  POU  domain  that  promotes  cooperative 
binding.  Other  examples  of  transcription  factors  with  built-in 
negative  control  of  DNA  binding  include  Escherichia  coli  a70 
(7)  and  the  largest  subunit  of  TFIID  from  both  Drosophila  and 
yeast  (21,  22).  The  similarities  between  P-TEFb  and  these 
transcription  factors  suggest  the  existence  of  a  common  auto¬ 
inhibition  and  derepression  mechanism  to  ensure  specific  and 


stable  interactions  of  these  transcription  factors  with  either 
RNA  recognition  sequences  or  promoter  DNA. 

We  noticed  that  most  of  the  Cdk9-CycTl  isolated  from 
stably  transfected  human  293  cells  required  an  in  vitro  auto- 
phosphoiylation  step  to  form  stable  P-TEFb-Tat-TAR  com¬ 
plexes,  implying  the  lack  of  a  key  Cdk9  phosphorylation  that  is 
important  for  complex  formation.  It  is  not  clear  what  effect  this 
may  have  on  the  general  and  Tat-specific  elongation  activity  of 
P-TEFb  in  vivo.  Nevertheless,  our  observations  raise  an  inter¬ 
esting  possibility  that  the  regulation  of  Cdk9  phosphorylation 
may  provide  a  novel  control  step  for  Tat  activity  and  HTV-1 
transcription  in  infected  cells.  Future  experiments  to  map  and 
mutate  the  phosphorylated  residue(s)  in  Cdk9  and  to  test  the 
activity  of  the  mutant  construct(s)  in  HIV-1  transcription  may 
allow  us  to  test  this  possibility. 

Although  our  purified  in  vitro  system  permits  autophosphor¬ 
ylation  of  only  Cdk9,  Cdk9  can  theoretically  be  phosphorylated 
and  activated  by  other  kinases  in  vivo.  During  the  activation  of 
peripheral  blood  lymphocytes  and  differentiation  of  promono- 
cytic  cell  lines,  both  of  which  are  relevant  for  HIV  infection,  a 
dramatic  increase  in  HIV-1  gene  expression  (12)  as  well  as 
P-TEFb  kinase  activity  has  been  observed  (12,  15,  40).  The 
induction  of  P-TEFb  activity  has  been  attributed  to  an  increase 
in  Cdk9  and  CycTl  levels  in  activated  peripheral  blood  lym¬ 
phocytes  and  an  increase  of  CycTl  in  differentiated  monocytes 
(12,  40).  However,  the  pharmacological  reagents  (phorbol  es¬ 
ters,  ionomycin,  and  phytohemagglutinin)  used  to  treat  the 
cells  are  known  to  activate  a  spectrum  of  protein  kinases,  one 
of  which  may  in  turn  phosphorylate  Cdk9,  stabilize  the  P- 
TEFb-Tat-TAR  complex,  and  increase  the  Tat-specific  activ¬ 
ity  of  P-TEFb.  Besides  cellular  kinases  that  may  modulate 
P-TEFb  activity,  specific  phosphatases  may  also  be  regulated 
to  maintain  appropriate  levels  of  phosphorylated  P-TEFb  in 
vivo  in  response  to  environmental  stimuli  and  perhaps  also 
during  the  cell  cycle.  Since  induction  of  P-TEFb  activity  in 
activated  T  cells  and  differentiated  macrophages  may  contrib¬ 
ute  directly  to  high  levels  of  HTV-1  transcription  and  the  es¬ 
cape  from  latency  of  transcriptionally  silent  proviruses  (15),  it 
is  important  to  investigate  whether  induction  of  P-TEFb  phos¬ 
phorylation  may  contribute  directly  to  these  processes. 
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